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PREFACE 


The  investigation  described  in  this  report  was  authorized  as  a  part  of  the  Coastal 
Geology  and  Geotechnical  Program  by  Headquarters,  US  Army  Corps  of  Engineers 
(HQUSACE).  Work  was  performed  under  Work  Unit  32538,  "Survey  of  Technologies 
in  Coastal  Geology,"  at  the  Coastal  Engineering  Research  Center  (CERC),  US  Army 
Engineer  Waterways  Experiment  Station  (WES).  Mr.  John  Sanda  was  HQUSACE 
Technical  Monitor.  Dr.  C.  Linwood  Vincent  was  CERC  Program  Manager. 

The  study  was  conducted  from  September  1988  through  June  1991  by  Mr.  J.  Bailey 
Smith  and  submitted  as  a  thesis  to  the  Boston  University  Department  of  Geology  in  partial 
fulfillment  of  the  requirements  for  an  M.A.  degree  in  coastal  geology.  Dr.  Duncan  M. 
FitzGerald,  Thesis  Advisor,  and  Dr.  Kenneth  Finkelstein  reviewed  the  document  and  are 
gratefully  acknowledged.  Additional  guidance  and  support  from  Dr.  Chris  Baldwin  and 
Dr.  Dabney  Caldwell  are  also  appreciated.  Assistance  during  the  field  investigation  was 
provided  by  Messrs.  Paul  Betz,  William  Bobrowsky,  Mark  Brown,  Steve  Goodbred,  Mike 
Gitten,  J.  A.  Hutchins,  Jeremy  Leeds,  Paul  Losquadero,  Mark  Minotti,  Todd  Montello, 
Ken  Parolski,  Kevin  Trainer  and  Sytze  van  Heteren,  and  Mses.  Trudi  Green  and  Anne 
Smith.  Additional  support  was  contributed  by  the  Trustees  of  Reservations,  the  Sigma  Xi 
Chapter  of  Boston  University,  and  Mr.  Tim  Bryan. 

This  report  was  prepared  by  Mr.  Smith,  Coastal  Geology  Unit,  Coastal  Structures 
and  Evaluation  Branch  (CSEB),  Engineering  Development  Division  (EED),  under  the 
general  supervision  of  Mr.  Thomas  W.  Richardson,  Chief,  EDD,  and  Ms.  Joan  Pope, 
Chief,  CSEB.  Chief  of  CERC  was  Dr.  James  R.  Houston  and  Assistant  Chief  was  Mr. 
Charles  C.  Calhoun,  Jr. 

Commander  and  Director  of  WES  during  publication  of  this  report  was  COL  Larry 
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INTRODUCTION 


The  focus  of  this  study  is  a  well-developed  mixed  energy  tide- 
dominated  ebb-tidal  delta  at  Essex  River  Inlet,  Massachusetts.  This  sand 
body,  which  extends  seaward  of  the  inlet  for  1.4  km,  formed  and  is 
modified  from  the  interaction  of  waves  and  tidal  currents  (Hayes,  1975). 

The  Essex  River  Inlet  was  the  basis  of  Hayes'  (1975)  morphological 
ebb-tidal  delta  model  and  has  characteristic  features  including  an  ebb- 
dominated  main  ebb  channel,  two  flood-dominated  marginal  flood 
channels,  a  wave-dominated  swash  platform  and  a  terminal  lobe. 
Intertidal  sand  bodies  include  several  swash  bars  and  two  channel 
margin  linear  bars. 

Although  ebb-tidal  delta  processes  and  morphology  have  been 
studied  previously  at  other  deltas  (Hayes,  1975, 1980;  Finley,  1975, 1978; 
Hine,  1975;  Hubbard,  1975, 1977;  Oertel,  1975;  FitzGerald,  1976, 1982, 1984; 
FitzGerald,  Nummedal  and  Kana,  1976;  FitzGerald  and  Nummedal, 
1983;  Humphries,  1979;  and  Sha,  1990),  sediment  transport  pathways  at 
New  England  mixed-energy  ebb-tidal  deltas  have  not  been  verified.  Most 
sediment  transport  at  the  Essex  River  ebb-tidal  delta  occurs  within 
sediment  gyres  which  circulate  sediment  through  the  system.  These 
gyres  as  well  as  transport  of  sediment  around  the  terminal  lobe  have  a 
direct  relation  to  changes  in  beach  volume  and  intertidal  sand  body  area. 
A  comparison  between  these  present  day  processes  and  historical  aerial 
photographs  have  indicated  that  the  Essex  River  ebb-tidal  delta 
undergoes  a  5-7  year  cycle  of  volume  change  and  attachment  of  swash 
bars  to  landward  beaches  (cf.  FitzGerald,  1984). 

Sediment  characteristics  as  related  to  stratigraphy  of  ebb-tidal  deltas 
have  been  documented  by  few  authors  (Nelligan,  1983;  Imperato,  1988; 
and  Sha,  1989).  Several  hypothetical  stratigraphic  models  of  deltas  have 
been  proposed,  but  these  are  based  mainly  on  surficial  sedimentological 
processes  and  near-surface  sedimentary  structures  (Moslow,  1977; 
Barwis  and  Hayes,  1978;  and  Hubbard,  Oertel  and  Nummedal,  1979). 
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Kumar  and  Sanders  (1974),  and  FitzGerald  and  Nummedal  (1977)  have 
documented  large-scale  ebb-tidal  delta  stratigraphy  through  subsurface 
seismic  profiling. 

The  purpose  of  this  study  is  to  descibe  the  morphological  changes 
that  occur  at  the  Essex  River  ebb-tidal  delta,  and  to  demonstrate  how 
these  changes  are  preserved  in  the  subsurface.  Thus,  a  large-scale 
stratigraphic  framework  for  the  Essex  River  ebb-tidal  delta  can  be 
determined.  Models  of  ebb-tidal  delta  stratigraphy  are  presented  which 
rely  upon  differential  sediment  transport  processes  and  patterns  due  to 
sediment  input,  channel  migrations  and  swash  bar  migration. 
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PHYSICAL  SETTING 


LOCATION  AND  PHYSIOGRAPHY 

The  Essex  River  Inlet  and  ebb-tidal  delta  system  are  located  in  the 
Merrimack  Emba3rment  on  the  northeastern  Massachusetts-southeastern 
New  Hampshire  coast  (Figure  1).  The  Merrimack  Embayment  is  backed 
by  a  35  km  long  barrier  island  chain  which  stretches  from  the  bedrock 
promontories  of  Great  Boars  Head,  New  Hampshire  south  to  Cape  Ann, 
Massachusetts.  The  Essex  River  Inlet  is  located  in  the  southern  portion  of 
this  chain  and  is  2.5  km  to  the  west  of  Cape  Ann.  The  Inlet  is  40  km 
northeast  of  Boston,  Massachusetts. 

Essex  River  Inlet  is  situated  between  the  Crane  Beach  (Castle  Neck) 
and  Coffins  Beach  barriers.  Both  of  these  barriers  are  backed  by  extensive 
marsh  and  tidal  creek  systems  with  minimal  fresh  water  input  from  the 
Castle  Neck  and  Essex  Rivers.  The  backbarrier  is  approximately  4.1  km^ 
in  area,  of  which  56%  is  salt  marsh,  35%  tidal  channel  (subtidal)  and  9% 
glacial  material  in  the  form  of  islands  (Som,  1990). 

The  primary  focus  of  this  study  is  the  well-developed  ebb-tidal  delta 
which  extends  1.4  km  seaward  of  the  mouth  of  the  Essex  River  Inlet.  This 
inlet  was  the  example  that  Hayes  (1975)  used  to  present  his  ebb-tidal  delta 
model  (Figure  2).  Characteristic  features  of  an  ebb-tidal  delta  include  an 
ebb-dominated  main  ebb  channel,  two  marginal  flood  channels  dominated 
by  landward  flow,  a  wave-dominated  swash  platfonn  and  a  terminal  lobe. 
Intertidal  sand  bodies  include  several  swash  bars,  and  two  channel 
margin  linear  bars  (Hayes,  1975). 

COASTAL  PROCESSES 

Tides 

The  tides  for  this  area  are  semi-diurnal  and  have  an  inequality.  The 
mean  tidal  range  is  2.60  m  with  a  spring  tidal  range  of  3.20  m,  thus 
classifying  the  coast  as  mesotidal  (Davies,  1964). 
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Figure  1  .  Location  map  of  Essex  River  Inlet  with  respect  to  other  inlets 
of  the  Merrimack  Embayment. 


Figure  2  .  Typical  ebb-tidal  delta  morphology.  Note  the  deep  central 
trough  in  the  main  ebb  chaimel  which  is  flanked  by  channel  margin 
linear  bars  and  swash  platforms.  Marginal  flood  channels  separate  the 
channel  margin  linear  bars  from  the  adjacent  beaches.  The  terminal 
lobe  is  the  most  distal  part  of  the  ebb-tidal  delta.  Different  patterns 
indicate  which  areas  are  dominated  by  ebb  currents,  flood  currents  or 
waves  (from  FitzGerald  et  al.,  1976;  after  Hayes,  1975). 
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Wind  Regime 

The  winds  for  this  region  are  known  from  data  collected  over  a  ten 
year  period  (October,  1949  to  September,  1959)  at  Logan  Airport  (Hayes  et 
al.,  1973)  (Figure  3’A')  and  a  four  and  one  half  year  period  (August,  1984 
to  November,  1988)  from  the  NOAA  Buoy  44013  located  approximately  15 
km  east  of  the  Boston  Harbor  entrance  (Sverdrup,  1990)(Figure  3'B'). 

These  two  data  bases  show  that  prevailing  winds  are  from  the  southwest 
during  spring  and  summer  months  and  are  from  the  northwest  during 
the  fall  and  winter  months.  The  predominant  winds  are  from  the 
northeast  and  are  associated  with  extratropical  storms. 

Wave  Regin 

The  constriction  of  the  study  area  by  land  masses  creates  a  limited 
fetch  window  of  15®  to  65°  azimuth  (Figure  4’A').  Thus,  the  prevailing  and 
predominant  wave  direction  is  from  the  east-northeast  (Figure  Ph  4'B’). 

The  deepwater  mean  wave  height  for  this  region  is  1.20  m  as 
determined  for  a  region  approximately  30  km  southeast  of 
Kennebunkport,  Maine  (Station  8  of  Corson  et  al.,  1982)(Abele,  1977).  This 
deepwater  wave  height  coupled  with  the  mean  tidal  range  of  2.60  m 
classifies  this  coast  as  a  mixed  energy,  tide-dominated  hydrographic 
regime  setting  (Figure  5)(Hayes,  1979;  Nummedal  and  Fischer,  1978). 

The  mean  significant  wave  height  for  Plum  Island  is  0.52  m  (Abele, 
1977).  The  maximum  significant  wave  height  determined  during  a 
twenty  year  hindcast  study  is  3.93  m  (Jensen,  1983). 

Longshore  Sediment  Transport 

Longshore  currents  in  the  study  area  are  southerly  directed  and  are 
mainly  a  result  of  wind  and  wave  energy.  This  current  and  sediment 
transport  direction  are  reflected  by  the  growth  of  recurved  spits  on  the 
southern  downdrift  ends  of  Crane  Beach  and  Plum  Island  (Farrell,  1969) 
and  increase  of  spacing  of  offshore  contours  to  the  south  along  the 
MeiTimack  Embayment  barrier  island  chain.  This  increase  in  spacing  of 
contours  denotes  a  more  gradual  slope  of  the  sea  floor  bottom  and 
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Figure  3  .  Wind  rose  diagrams.  A)  Wind  roses  for  Boston  Harbor  for 
the  period  1949  to  1959.  These  roses  show  that  the  prevailing  winds  are 
from  the  southwest  during  summer  and  spring  seasons  and  northwest 
during  winter  and  fall  seasons.  The  predominant  winds  are  from  the 
northeast  (Hayes  et  al.,  1973).  B)  Wind  rose  for  Boston  Harbor  for  the 
period  1985  to  1990.  This  rose  shews  that  the  prevailing  winds  on  an 
annual  basis  are  from  the  southwest.  Each  successive  increase  in  width 
denotes  a  new  5  -knot  wind  category  (Sverdrup,  1990). 
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Figure  4  .  A)  Wave  window  showing  limited  range  of  wave  propagation 
of  15°  to  65°  azimuth.  This  window  is  confined  by  the  Kennebunk 
Peninsula  to  the  north  and  Cape  Ann  Promontory  to  the  east.  B)  Wave 
rose  diagram  showing  percent  occurrence  and  and  direction  of  wave 
propagation  for  20  years  hindcast.  The  width  of  each  bar  segment 
indicated  the  significant  wave  height  (Hg)  range  and  the  length  of  the  bar 
segment  indicates  the  percent  occurrence  of  waves  from  the  specified 
direction.  For  example  for  the  20  year  hindcast,  54%  of  the  waves  were 
propagating  from  5°  to  50°  azimuth.  Of  the  54% ,  approximately  75%  were 
less  than  0.5  m.,  approximately  20%'  were  between  0.5  m.  to  1.0  m.  and 
approximately  5%  were  between  1.0  m.  and  1.5  m.  All  directions  in 
degi’ees  azimuth  (Jensen,  1983). 


DEEP  WATER 
MEAN  WAVE  HEIGHT  (cm) 


Figure  5  .  Hydrographic  regime  of  northeastern  Massachusetts.  This 
coastline  is  classified  as  mixed  energy  (tide-dominated).  Other  examples 
of  mixed  energy  (tide-dominated)  coastlines  are  Virginia,  Georgia  and 
Copper  River  Delta,  Alaska  (Hayes,  1979). 
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therefore  an  increase  of  sediment  at  southern  portions  of  the  bay.  This 
suggests  that  southern  portions  of  the  Merrimack  Embaymcnt  are  a  sink 
for  sediment  transported  by  longshore  currents  (Hubbard,  1976). 

A  maximum  longshore  sediment  transport  rate  of  150,000  m^/year 
has  been  calculated  for  Plum  Island  by  applying  data  from  Abele  (1977), 
including  a  significant  wave  breaker  height  of  0.52  m  and  mean  breaker 
angle  of  4®,  to  Figure  4-38  of  the  1984  Shore  Protection  Manual.  The 
longshore  sediment  transport  rate  for  Crane  Beach  would  be  significantly 
less  than  than  150,000  m^/year  due  to  a  smaller  breaker  angle  which 
results  from  its  more  perpendicular  orientation  to  the  dominant  wave 
approach,  and  smaller  wave  heights  due  to  increased  spacing  of  offshore 
contours.  A  hypothesized  breaker  angle  for  Crane  Beach  of  1°  coupled 
with  a  mean  breaker  height  of  0.52  m  would  indicate  a  maximum 
longshore  sediment  transport  rate  of  38,000  m^/year  (U.S.  Army  Corps  of 
Engineers,  1984). 

A  change  in  shoreline  orientation  and  decreasing  oblique  wave 
approach  throughout  the  Merrimack  Embayment  results  in  a  decrease  in 
longshore  sediment  transport  rate  and  a  fining  of  grain  size  to  the  south 
(Shalk,  1936;  Goodbred  and  Montello,  1989). 


GEOLOGIC  HISTORY 
Bedrock 

The  structural  geology  of  northeastern  Massachusetts  is  dominated 
by  the  Precambrian  aged  Nashoba  Thrust  Belt  which  represents  a 
westward-dipping  subduction  zone  between  the  Southeast  New  England 
Platform  to  the  southeast,  a  fragment  of  the  former  Paleo-African  plate, 
and  the  Sturbridge  Geocline  to  the  northwest,  a  foreland  basin  of  the 
North  American  Plate  (Barosh,  1979).  Southwest-northeast  trending 
thrust  faults  are  associated  with  this  late  Precambrian  event  which 
'nclude  the  Clinton  Newbury  Fault,  Assabet  River  Fault,  Bloody  Bluff 
Fault  and  the  Mystic  Fault,  which  trends  north  of  the  study  area  by  about 
10  km  (Cameron  and  Naylor,  1976)  (Figure  6). 
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GEmAUZED  BEDROCK  GEaOGIC  MAP 

EAsreM  mssACHussETs vicinity 


il 


I*  lH<44Myar 


EZl  hAA**»AMttr. 

itnUATf 


dills 


EE3 


fMVAAO 

<«^UM4'<4Tf 


I 

3 


W(A^t4  AfAtoer  CO'/VO' 
f4A/^in  4AAlUTr  tAAMir  tHMTf 


/In  >’|t».'| 


013 


^32 


iMtM 

$AtHO 


EDi 


1AO»V<» 

fwsr 


tiid  juttama  iriM 

mtMa  t9i<AN<i  *«Kl4«4t 
WiCA»<S 


fH 


H 1  o  ss-”" 

5  j  ( (dl 


ElIED 

miH  iHAyi>*fV* 
6Af/ir 

«  J  MAy  1376 

(m^UO  /4<W> 


3 

! 


(jMCftO  »UfC*9  OtCHAH  K'TUAlf 

OAAMU  iAAAtie  SAAI^.  6AAM'7r 

9iOAtJ(  gNe/SS 


iiuwss  ftvtt 
SFll  *A4  Alvo^O  (iifi) 
tMtAiOf^  0v7) 
NUiON  (msi 

QUIMti  iniD 

(mO 

SAfMAM 


h'-.'i’*"'-.!  E3 

MAMI4OA0  Am  ri<Am>C 
W  «4«**  MMf  mttHf 

ED  ED  EED  (ID  EiD 

AitAdOftA  f^MV<K  AOATitiAMi  4iA<A’  iNflSi 

Cftem  fAtitt  i70h( 

&A0UA 


(ED 


Figure  6  .  Bedrock  geologic  map  of  eastern  Massachusetts  and  vicinity. 
Cape  Ann  Granite  (cag)  is  found  in  the  vicinity  of  Castle  Neck  (Cameron 
and  Naylor,  1976) 
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The  study  area  is  located  southeast  of  the  Nashoba  thrust  belt  and  is 
therefore  considered  to  be  part  of  the  Southeast  New  England  Platform,  a 
geologic  terrain  which  consists  of  a  late  PrecambriEin  batholithic  complex 
and  associated  metasedimentary  and  metavolcanic  rocks  (Barosh,  1984). 

During  the  Taconic  Orogeny  of  the  late  Ordovician-early  Silurian 
Periods  northeast  Massachusetts  was  intruded  by  volcanics  such  as  the 
Cape  Ann  Granite  and  Salem  Gabbro-Diorite  forming  the  resistant 
headland  of  Cape  Ann  (Barosh,  1984). 

Local  bedrock  exposures  in  the  study  area  are  represented  by  the 
symbols  'c'  and  's'  in  Figure  7  including  Twopenny  Loaf  on  the 
northwesternmost  point  of  Coffins  Beach. 

Late  Pleistocene  Glacial  History 

Paleozoic  bedrock  is  unconformably  overlain  by  deposits  associated 
with  numerous  Pleistocene  glaciations,  the  most  important  and  recent  of 
which  is  the  Wisconsinan  glacial  stage  (Shafer  and  Hartshoom,  1965). 
Regionally,  northeastern  Massachusetts  is  dominated  by  glaciomarine 
deposits  (Figure  8).  Within  the  study  area,  glacial  deposits  are  mostly  till 
and  include  ground  moraine  and  drumlins  (Figure  7).  Orientations  of 
drumlins  indicate  that  the  direction  of  ice  movement  was  to  the  southeast 
(Stone  and  Peper,  1982)(Figure  9). 

The  maximum  limit  of  glaciation  into  the  Gulf  of  Maine  extended 
roughly  from  the  southern  shore  of  Cape  Cod  to  the  Nova  Scotian  Shelf 
and  has  been  dated  as  approximately  21,500  yrs.  BP  (Pratt  and  Schlee, 
1969). 

As  the  glacier  retreated,  terminal  moraines  were  deposited  on  the 
south  shore  of  Long  Island,  Martha's  Vineyard  and  Nantucket  Island.  A 
readvance  of  the  ice  margin  at  approximately  15,300  yrs.  BP  formed  the 
Buzzards  Bay  and  Cape  Cod  lobes  (Kaye,  1964)(Figure  9).  The  terminus  of 
the  ice  margin  was  near  the  present  day  Merrimack  Embayment  coast 
approximately  13,200  yrs.  BP  (Stuiver  and  Boms,  1975).  During  this  time, 
the  glaciers  depressed  the  land  beneath  sea  level,  resulting  in  a  marine 
transgression  and  the  deposition  of  glaciomarine  sediments. 
Subsequently,  isostatic  rebound  of  the  coast  occurred  at  a  rate  of  at  least 
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Figure  7  .  Surficial  geologic  map  of  Essex  area  including  Plum  Island, 
Castle  Neck,  Crane  Beach  and  Coffins  Beach.  Drumlins  (Qd)  and 
bedrock  outcrops  (c)  are  present  at  Castle  Neck-Coffins  Beach  area 
(Chute,  1940). 
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Figure  8  .  Upper  Wisconsinan  moraines,  moraine  segments  and 
meltwater  deposits  of  eastern  Massachusetts.  Glaciomarine  (Mr) 
deposits  exist  in  the  vicinity  of  Castle  Neck  (Stone  and  Peper,  1982).  Note 
location  of  Castle  Neck  in  top  right  of  figure. 


EXPLANATION 


Coastal  moraines 
Physiographic  boundaries 
NVS  -  Nashua  Valley  Sublobe 


Inferr 

ice- 


ed  lace-glacial  Ice-margin  recreatal 

flow  direction  position 

UNBS  -  Upper  Narragansetc  Bay  Sublobe 


Figure  9  .  Late  Wisconsinan  glacial  lobes,  retreatal  positions  and 
inferred  late  glacial  ice-flow  direction  for  southeast  New  England.  In  the 
vicuiity  of  Castle  Neck,  the  predominant  glacial  movement  is  from  the 
west-northwest  (Stone  and  Peper,  1982).  Note  location  of  Castle  Neck  on 
top  of  figure. 


16 


5m/1000  yrs.  as  the  ice  margin  retreated  northward  (Oldale  et  al.,  1983). 
Maximum  emergence  of  the  coastal  region  took  place  at  approximately 

8.500  yrs.  BP  (Schnitker,  1984).  Dining  this  deglaciation,  the  Merrimack 
River  Delta  formed  in  the  Gulf  of  Maine  well  seaward  of  the  present  day 
coast  (Oldale  et  al.,  1983)(Figure  10). 

Late  Pleistocene  Sea  Level  Curves 

Relative  sea  level  lowering  and  the  resulting  seaward  migration  of 
the  shoreline  occurred  during  the  Late  Wisconsinan  glacial  stage.  A 
relative  sea  level  curve  for  northeastern  Massachusetts  and  southeastern 
New  Hampshire  is  presented  in  Figure  ll’A'.  Sea  level  changes  before 

10.500  yrs.  BP  are  not  clearly  understood.  However,  two  guidelines  of  the 
curve  before  10,500  yrs.  BP  include  the  relative  sea  level  highstand  of  +32 
m  at  13,500  yrs.  BP  and  a  relative  sea  level  lowstand  of  -47  m  at  10,500  yrs. 
BP  (Oldale  et  al.,  1983).  The  curve  from  10,  500  yrs.  BP  to  the  present  is 
more  detailed  and  better  understood  as  it  is  based  upon  several 
radiocarbon  dates  of  Plum  Island  peats  (McIntyre  et  al.,  1963  and 
Newman  et  al.,  1980).  The  curve  indicates  a  rapid  relative  sea  level  rise  of 
14  m/1000  yrs.  from  10,500  to  8,500  yrs.  BP.  As  can  be  seen  in  Figure  11  A' 
and  ll'B',  the  relative  sea  level  rise  from  8,500  to  4,000  yrs.  BP  occurred  at 
a  rate  of  3  m/1000  yrs.  and  was  followed  by  a  slower  relative  sea  level  rise 
of  approximately  0.75  m/1000  yrs.  from  4,000  yrs.  BP  to  the  present  (Oldale, 
1985). 

Barrier  Island  Formation 

The  formation  of  barrier  islands  within  the  Merrimack  Embayment 
has  been  a  result  of  relative  sea  level  rise  and  associated  transgression  of 
reworked  Merrimack  River  delta  sediments  (Figure  12).  Rapid  relative 
sea  level  rise  from  8,500  to  4,000  yrs.  BP  resulted  in  the  flooding  of  coastal 
features  and  transportation  of  sediments  onshore  in  the  form  of 
transgressive  barrier  islands  through  shoreface  retreat  (cf.  Swift,  1975). 
(Figure  12’B’). 

From  approximately  4,000  to  3,000  yrs.  BP,  the  rate  of  sea  level  rise 
decreased  (Oldale,  1985)  and  it  is  hypothesized  that  the  transgressive 
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Figure  10.  Location  and  thickness  of  submerged  Merrimack  River  delta. 
Contour  interval  =  2  m.  Maximum  thickness  of  delta  is  18  m.  Dashed 
line  indicates  landward  limit  of  foreset  beds.  (Oldale  et  al.,  1983). 


18 


Tfi  BPlIO* 


B 

Figure  11 .  Sea-level  curves  for  northeastern  Massachusetts.  A)  Curve 
showing  the  inferred  relative  sea-level  change  for  northeastern 
Massachusetts  and  southeastern  New  Hampshire  coasts.  Control  points 
are  from  1)  Plum  Island  radiocarbon  dates;  2)  The  altitude  and  age  of  the 
post-glacial  lowstand  inferred  from  the  submerged  Merrimack  River 
delta  and;  3)  The  late  Wisconsinan  highstand  in  the  Merrimack  Valley 
(Oldale  et  al.,  1983).  B)  Curve  showing  middle  to  late  Holocene  sea-level 
rise  at  Plum  Island,  Massachusetts  (Oldale,  1985  after  McIntyre  et  al., 
1963  and  Newman  et  al.,  1980). 


Figure  12 .  Formation  of  barrier  islands  of  the  southern  Merrimack 
Embayment.  The  submerged  Merrimack  River  delta  is  the  major 
sediment  source  for  present  day  Plum  Island  and  Crane  Beach  (Som, 
1990). 
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barriers  encountered  and  subsequently  were  pinned  to  bedrock  and 
drumlin  topographic  highs  (Som,  1990)(Figure  12'C').  During  this 
sediment  maximum  inlets,  such  as  the  Essex  River  Inlet,  were 
established  from  breaks  in  between  dunes,  drumlins  and  bedrock 
headlands. 

From  3,000  yrs.  BP  to  the  present,  the  rate  of  sediment  supply  from 
the  inner  shelf  and  nearshore  environments  has  been  greater  than  the 
rate  of  sea  level  rise  (cf.  Johnson,  1925).  As  a  result,  barriers  have  built 
seaward  (cf.  Hine  et  al.,  1979;  cf.  Boyd  et  al.,  1987)  (Figure  12'D'). 
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METHODS 


GENERAL 

Field  investigations  commenced  in  May,  1989  and  ended  October,  1990 
with  an  intensive  field  data  gathering  period  during  the  summer  months 
of  1989  and  1990.  Laboratory  analyses  began  July,  1989  and  were 
completed  in  May,  1991. 


FIELD  INVESTIGATIONS 
Bathymetric  Survey 

Approximately  7.5  km  of  fathometer  profiles  were  run  at  the  study 
area  utilizing  a  Raytheon  Model  DE-719B  Fathometer  Chart  Recorder 
(Figure  13).  This  information  helped  to  determine  channel  morphology 
and  bedform  orientations.  Channel  cross-sections  were  adjusted  to  mean 
sea  level  (MSL). 

Beach  Profiles 

Thirteen  permanent  profile  stations  positioned  with  rebar  stakes 
behind  the  dune  scarp  (seven  on  Crane  Beach  and  six  on  Coffins  Beach) 
were  established  on  14  June  1989  (Figure  14).  Stations  were  located 
approximately  using  several  compass  bearings  to  known  locations  which 
appear  on  maps  and  coastal  charts.  The  distance  between  stations  on 
Crane  Beach  varied  between  75  and  200  m  and  along  Coffins  Beach  the 
distance  was  150  m.  All  profiles  were  traversed  roughly  perpendicular  to 
the  beach  strike  from  the  stations  out  tc  or  near  mean  low  water  (MLW). 

The  profiles  were  surveyed  five  times  during  the  study  period:  June 
1989,  August  1989,  November-December  1989,  February-March  1990  and 
August  1990.  Profiles  lA,  1-4  were  not  surveyed  in  June,  1989  due  to  the 
presence  of  a  tern  nesting  area  along  profile  transect.  Appendix  A  shows 
the  profile  cross  sections. 


Figure  13  .  Location  of  fathometer  profiles. 
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Figure  14 .  Location  of  profile  stations  and  profiles. 
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Sediment  Samples 

The  locations  of  the  sediment  samples  were  determined  from  nautical 
charts  and  aerial  photographs  (Figure  15).  During  the  course  of  study  211 
sediment  samples  (approximate  mass  of  200  grams)  were  collected.  One 
hundred  and  seventy-seven  samples  were  retrieved  at  offshore  locations 
using  a  Van  Veen  grab  sampler  (Van  Veen,  1936)  along  transect  lines 
that  connected  to  beach  profiles.  This  was  achieved  by  using  two  brightly 
colored  ranges  located  at  the  profile  stations.  The  distance  along  the 
offshore  profiles  was  determined  using  sextant  readings  to  known 
locations.  Thirty-four  samples  were  collected  onshore  during  beach 
profile  surveys. 

Mapping  and  Determination  of  Migration  of  Intertidal  Sand  Bodies 

Intertidal  bars  on  the  ebb-tidal  delta  were  mapped  by  pace  and 
Brunton  technique.  Mapping  was  performed  on  27  June,  1989,  28  April, 
1990  and  21  August,  1990  during  low  water.  Tide  levels  with  respect  to 
MLW  for  these  dates  were  +0.09m,  -0.46  m  and  -0.21  m,  respectively. 

The  boundaries  of  bars  included  0.5  m-2.0  m  high  slipfaces  on  the 
landward  side,  abrupt  change  in  slope  along  the  main  ebb  channel,  and 
in  areas  without  abrupt  slope  change  a  water  depth  of  0.50  m  was  used 
depending  on  the  tide.  Permanent  stakes  were  placed  on  all  bars  to  use  as 
reference  points  (Figure  16).  Landward  migration  of  sand  bodies  were 
determined  by  monitoring  the  distance  between  the  permanent  stake  and 
landward  slipface. 

Errors  in  determining  the  areal  extent  of  bars  during  surveys  was 
due  to:  1)  different  tidal  heights  and  lack  of  defined  slipface/slope  and;  2) 
seasonal  changes  in  sea  level  related  to  steric  effects  (Figure  17). 

However,  these  steric  effects  are  minimal  as  monthly  local  relative  sea 
level  ave''aged  over  a  ten  year  period  shows  only  a  3.0  cm  change  in 
relative  sea  level  over  the  mapping  period  (regard  numerals  1-3  along 
plots  of  Figure  17'A'  and  17'B'  for  three  mapping  dates). 


Bedform  Measurements 
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TIME  (months) 

A 


1989  1990 

TIME  (months) 

B 

Figure  17  .  A)  Monthly  relative  sea  level  averaged  for  the  ten  year  period 
1981-1990  for  Boston,  Massachusetts  and  Portland,  Maine,  B)  Monthly 
relative  sea  level  for  the  period  January,  1989  -  June,  1990  for  Boston, 

MA.  and  Portland,  ME.  Sea  level  heights  measured  with  respect  to  local 
datum.  Note  placement  of  numbers  with  appropriate  boxes  to  indicate 
dates  of  mapping  of  offshore  intertidal  sand  bodies. 
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Bedform  type,  orientation,  spacing  (wavelength)  and  height  on  the 
ebb-tidal  delta  were  measured  on  several  occasions.  Orientations  were 
measured  using  a  Brunton  compass  while  spacing  and  height 
measurements  were  taken  with  a  meter  tape.  Bedform  classification 
follows  that  of  Boothroyd,  1985  (after  Harms  et  al.,  1975)  (Table  I'A').  This 
scheme  classifies  bedforms  primarily  according  to  spacing  and 
secondarily  according  to  height/spacing  ratio,  flow  velocity  and  velocity 
asymmetry.  The  SEPM  Bedform  and  Bedding  Structures  Research 
Symposium  Classification  Scheme  (Ashley  et  al.,  1990)  is  demonstrated  in 
Table  I'B'  .  A  table  comparing  these  two  classifications  is  shown  in  Table 
I'C’. 


Trenches 

Six  trenches  were  excavated  at  or  near  low  water  in  the  channel 
margin  linear  bar,  swash  bar  and  intertidal  foreshore  environments  to 
determine  bedding  characteristics  and  sediment  transport  directions 
(Figure  18).  Trenches  were  photographed  and  the  near  surface 
stratigraphy  measured  with  respect  to  bedding  plane  direction  and  dip 
angles. 

Hydrographies 

Seven  hydrographic  surveys  were  conducted  during  the  study 
period.  In  each  hydrograj^hic  survey,  a  Marsh-McBirney  Model  20  ID 
Portable  Water  Current  Meter  was  used  to  measure  current  velocity  and 
direction  over  one  13  hour  period.  Current  measurements  were  taken 
through  the  water  column  at  1/4, 1/2  and  3/4  of  the  total  depth  and 
averaged.  Velocity  measurements  and  tide  pole  readings  were  taken  at 
30-45  minute  intervals.  Near  a  change  in  tidal  phase,  tide  pole  readings 
were  recorded  more  often  in  order  to  closely  document  the  exact  position  of 
high  or  low  tide. 

Current  velocities  were  record'^d  at  eight  stations  over  six 
hydrographies  during  spring,  mean  and  neap  tidal  conditions  (Figure 
19j.  Stations  1-5  were  positioned  across  the  inlet  throat  to  determine  the 
flood  or  ebb  current  dominance  of  the  inlet  throat.  Longitudinal  profiles 
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Ripples 

Megaripplea 

Low-cnergy 
sand  waves 

High-energy 
sand  waves 

Spacing 

<60  cm 

60  cm-iO  m 

>  6  m 

>  10  m 

Height/spacing 

ratio 

variable 

relatively  large 

relatively  small 

very  small 

Geometry 

highly 

variable 

ainuoua  to  highly 
three-dimensional, 
prominent  scour 
pita  in  troughs 

straight  to  sinuous, 
uniform  scour  in 
troughs 

Straight  to 
sinuous 

Characteristic 

low  (>  25-30 

high  (>  70-80  cm/sec. 

moderate  (>  30-40 

high  (>  70-80 

flow  velocity 

cm/aec 

<  40-50  cm/sec) 

<  100-150  cm/aec) 

cm/sec,  <  70-80 
cm/sec) 

cm/sec, 

may  be  150  cm/sec) 

Velocity 

asymmetry 

negligible  to 
sutoantial 

negligible  to 
substantial 

usually  substantial 

small  to 
substantial 

A 


SubiMIUCOUt  l>UIK 

First  Order  Descriptors  (necessary) 

Sue  Spacing*  small 0  6>5m. 

Height**  0  075-0  4  m, 

Shape  2>Dimensional 
3*Dimcnsional 

Second  Order  Descriptors  (important) 

—  Superposition  simple  or  compound  (sues  and  relative  orientation) 

—  Sediment  c  harac  leristus  (sue.  sorting) 

Ihird  Order  Descriptors  (useful) 

—  liedlotm  |)ioliU  (sKtss  and  lee  sIo|h.  lengths  and  angles) 

—  FulUK'ddedness  ((raciion  ofUd  covered  by  bediorms) 

—  Flow  structure  (time'vclocity  characteristics) 

—  Kelalive  siiuiglhs  ol  opposing  Ih'ws 

—  Dune  bchaviur-migratiun  hislury  (veitieal  and  horuonial  accretion) 


*  Heighl  calculated  using  the  equation  H 

-  0  0577l.''>"' 

'*  (Flemming  1988) 

B 

Spacing  (m) 

0.0  to  0.6 

iaafl 

10  to  100 

kM 

Boothroyd,  1985 
(after  Harms  et  al.,  1975) 

Ripple 

Megaripple 

Sandwanre 

Sandwatve 

Transvene 
Bar  or 
Sandwave 

Ashley  et  al.,  1990 

Ripple 

Small  Dune 

Medium  Dune 

Large  Dune 

Very  Large 

_ Diuk-  ,, 

medium  5-10  m. 

0  4-0  75  m, 


large  10-100  m, 
0.75-5  m. 


very  large  100  in 
>5  m 


Table  1  .  Bedding  classification  schemes  utilized  .  A)  The  primary 
classification  utilized  in  this  paper  (Boothroyd,  1985  after  Harms  et  al., 
1975).  B)  References  are  also  made  to  the  scheme  recommended  by  the 
SEPM  Bedforms  and  Bedding  Structures  Research  Symposiiun  (Ashley 
et  al.,  1990).  C)  Comparison  between  the  two  classifications. 


Figure  19  .  Location  of  hydrography  stations.  The  square  indicates  the 
location  of  the  tide  pole. 
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of  the  main  ebb  channel  (stations  6-7)  were  studied  during  mean  tidal 
conditions.  Current  velocities  at  stations  1  and  10  were  also  studied  to 
determine  the  magnitude  and  dominance  of  currents  in  the  marginal 
flood  channel. 

The  magnitude  and  direction  of  longshore  currents  (stations  8-9,  11- 
14)  were  monitored  during  two  hydrographies,  both  of  which  were 
conducted  during  mean  tidal  conditions.  Currents  were  recorded  on  the 
swash  platform  during  a  single  hydrography  (stations  15-18)  during 
mean  tidal  conditions  with  average  approximate  breaker  heights  of  1.0  m 
from  the  northeast. 

Aerial  Reconnaissance  Surveys 

Aerial  surveys  of  the  study  area  were  performed  in  a  Cessna  152 
single  engine  aircraft  on  three  occasions:  27  May,  1989,  26  August,  1989, 
and  3  March,  1990.  Surveys  were  scheduled  at  or  near  low  tide  so 
bedforms  and  intertidal  sand  bodies  were  exposed.  Both  color  and  black 
and  white  oblique  photographs  were  taken  from  elevations  ranging  from 
500  -  2,600  m. 

Vibra-Cores 

Twenty-six  vibra-cores  were  taken  in  different  intertidal  and  shallow 
subtidal  environments  (Figure  20)  utilizing  the  methods  as  described  by 
Lanesky  et  al.,  1979.  Location  of  each  core  was  determined  by  taking 
compass  bearings  to  known  locations.  Before  the  cores  were  extracted 
from  the  ground  they  were  marked  and  oriented  with  respect  to  north. 
Depths  of  cores  ranged  from  1.43  to  3.82  m  with  an  average  of  2.50  m. 
Coring  was  restricted  to  areas  with  water  depths  less  than  approximately 
one  meter  due  to  equipment  limitations. 


LABORATORY  ANALYSES 


Vibra-Core  Analysis 


Figure  20  .  Location  of  cores 
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Vibra-cores  were  cut  longitudinally  into  two  equal  sections 
(semicircles)  using  a  circular  saw.  One  half  was  archived  while  the  other 
half  was  photographed,  logged  and  sediment  samples  taken.  107  samples 
were  collected  from  the  cores. 

Sections  of  the  cores  with  visible  bedding  were  preserved  using 
lacquer  peels  and  photographed.  A  total  of  26  peels  from  19  cores  was 
produced.  For  each  peel,  the  depth  and  orientation  were  noted  with 
respect  to  north  or  onshore/offshore.  Analysis  of  peels  included  a 
determination  of  direction  and  angle  of  bedding  planes. 

Grain  Size  Analysis 

318  sediment  samples  were  analyzed  for  grain  size  statistics. 
Percentages  of  clay,  sand  and  gravel  were  determined  using  the 
Wentworth  grain  size  scale  (Table  2).  Approximately  50  grams  of  each 
sample  were  used  for  analysis  while  the  remainder  was  stored  for 
possible  future  analyses.  Samples  were  washed  in  distilled  water  in  order 
to  remove  salt,  and  then  oven  dried  and  cooled.  Samples  were  weighed 
and  then  shaken  for  10  minutes  or  more  using  nested  0.50  increment 
screens  ranging  from  -2.50  to  4.00.  After  shaking,  the  sediment  in  each 
sieve  was  weighed.  These  weights  were  totaled  in  order  to  calculate 
percent  sample  loss  (Folk,  1974).  Examination  of  fines  using  pipette 
analysis  revealed  that  samples  contained  no  clay  material  (<4.O0). 

Cumulative  weight  and  cumulative  percent  coarser  than  were 
determined  so  that  a  cumulative  percent  frequency  graph  could  be  plotted 
(Folk,  1974). 

Two  statistcal  parameters  were  used  to  compare  the  samples: 

Graphic  mean  (Mz)  and  Inclusive  Graphic  Standard  Deviation  (cri)  (Folk, 
1974).  Graphic  Mean  or  the  average  grain  size  of  the  sample  is 
determined  by  using  the  following  formula: 

016+050+084 

3 
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Inclusive  Graphic  Standard  Deviation,  a  measure  of  sorting,  is  a 
measure  of  the  spread  of  0  units  (Folk,  1974).  The  formula  for  Inclusive 
Graphic  Standard  Deviation  is  as  follows: 

084-016  +  095-05 
4  6.6 


Folk,  1974  presents  a  classification  scale  for  sorting: 

<0.350  -  Very  well  sorted 

0.350  -  0.500  -  Well  sorted 

0.500  -  0.710  -  Moderately  well  sorted 

0.710  - 1.000  -  Moderately  sorted 

1.000  -  2.000  -  Poorly  sorted 

2.000  -  4.000  -  Very  poorly  sorted 

>  4.000  -  Extremely  poorly  sorted 


Historical  Shoreline  and  Ebb-Tidal  Delta  Morphologic  Change 

Nautical  charts,  vertical  and  oblique  aerial  photographs  and  other 
historical  records  were  used  to  create  shoreline  change  maps  of  Crane 
Beach,  Coffins  Beach  and  the  ebb-tidal  delta.  For  this  analysis  charts  and 
aerial  photographs  were  photographically  processed  to  a  common  scale. 

The  shoreline  change  map  was  produced  by  comparing  four  Coast 
and  Geodetic  Survey  Nautical  Charts  from  1855, 1912, 1964  and  1984.  The 
ebb-tidal  delta  morphologic  change  map  was  produced  by  comparing 
vertical  aerial  photographs  from  1943, 1952, 1960, 1965, 1972,  1977, 1978, 
1979  and  1985.  Effort  was  made  to  differentiate  between  subtidal  and 
intertidal  sand  bodies,  and  between  several  accretionary  phases  of  beach 
ridge  development.  Additional  short-term  ebb-tidal  delta  morphologic 
changes  were  determined  by  comparing  oblique  aerial  photographs. 
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EBB-TTDAL  DELTA  CHARACTERISTICS 

INTRODUCTION 

Numerous  studies  of  ebb-tidal  delta  processes  and  morphology  exist 
in  the  liturature  (Hayes,  1975, 1980;  Finley,  1975, 1978;  Hine,  1975; 
Hubbard,  1975, 1977;  Oertel,  1975;  FitzGerald,  1976, 1982, 1984; 
FitzGerald,  Nummedal  and  Kana,  1976;  FitzGerald  and  Nummedal, 
1983;  Humphries,  1979;  and  Sha,  1990).  Although  Hayes'  (1975) 
morphological  ebb-tidal  delta  model  is  based  on  the  Essex  River  Inlet,  the 
dominant  physical  processes,  inlet  hydraulics  and  transport  pathways 
have  not  been  verified.  Field  data  and  analyses  are  presented  which 
consider  both  short-term  and  long-term  morphologic  changes  of  the 
Essex  River  ebb-tidal  delta. 

An  ebb-tidal  delta  is  defined  as  an  accumulation  of  sediment  on  the 
seaward  side  of  a  tidal  inlet  which  forms  through  the  interaction  of  tidal 
currents  and  wave  activity  (FitzGerald,  1984).  The  Essex  River  ebb-tidal 
delta  is  located  on  a  tide-dominated  mixed  energy  coast  (cf.  Hayes,  1979) 
(Figure  5).  This  coast  is  chacterized  by  short,  stubby  barrier  islands  and 
numerous  tidal  inlets  with  well  developed  flood  and  ebb-tidal  deltas.  A 
marsh  and  tidal  creek  system  separates  the  barriers  from  the  mainland. 


DISCUSSION 

Ebb-tidal  delta  morphology  is  primarily  a  function  of  the  interplay 
between  tidal,  wave  and  longshore-generated  currents  (Hayes,  1975; 
Oertel,  1975)  (Figure  21).  Using  the  classification  of  Oertel  (1975),  the 
Essex  River  Inlet  is  dominated  by  onshore-offshore  tidal  currents  thus 
resulting  in  a  large  offshore  extent  of  1.4  km  as  is  shown  in  Example  D  of 
Figure  21.  While  tidal  dominance  is  indicated  by  its  morphology,  wave 
action  plays  a  major  role  in  determining  net  sediment  transport  trends. 
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Figure  21 .  Variations  in  ebb-tidal  delta  morphology.  Arrows  represent 
relative  magnitudes  of  offshore,  onshore  and  longshore  currents.  A) 
Longshore  and  onshore  currents  are  greater  than  offshore  currents;  B) 
One  component  of  longshore  current  is  greater  than  the  other  three 
currents;  G)  The  other  component  of  longshore  current  is  greater  than 
the  other  three  currents;  D)  The  onshore-offshore  currents  are  greater 
than  the  longshore  currents.  The  Essex  River  inlet-ebb-tidal  delta  system 
is  best  characterized  by  example  D  (from  0 artel,  1975/. 
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Secondary  controls  of  Essex  River  ebb-tidal  delta  morphology  include 
three  factors:  1)  The  inlet  tidal  prism  of  2.01  x  10*^  m^/cycle  (7.06  x  10®  ft 
®/cycle)  which  has  a  proportional  relationship  to  ebb-tidal  delta  sediment 
volume  of  3.54  x  10®  m®  (4.63  x  10®  yd®).  This  relationship  is  shown  in 
Figure  22  where  the  tidal  prism  and  delta  volume  plot  close  to  the 
regression  curve  on  the  tidal  prism-ebb-tidal  delta  storage  relationship 
graph  for  moderately  exposed  coasts  (Walton  and  Adams,  1976);  2) 
Bedrock  control  at  Twopenny  Loaf  on  Coffins  Beach  which  anchors  the 
main  ebb  channel  at  the  inlet  throat.  Therefore,  the  flanking  channel 
margin  linear  bars  close  to  inlet  throat  are  also  stable  and;  3)  The  shape 
of  inlet  throat  (Figure  23)  (with  cross  sectional  area  of  1.35  x  10®  m®  at 
MLW  and  1.77  x  10®m2  at  MSL)  which  is  asymmetric  and  is  positioned 
along  the  southern  side  of  the  main  ebb  channel.  This  is  due  to  the 
southerly  directed  longshore  sediment  transport  system  and  spit 
formation  on  the  southern  end  of  Crane  Beach,  and  the  pattern  of  tidal 
channels  in  the  backbarrier  as  they  approach  the  inlet  throat.  Seaward, 
the  channel  thalweg  continues  along  the  southeast  side  of  the  channel 
with  no  meandering  tendancies. 

Longitudinally,  the  main  ebb  channel  shallows  and  widens  from  the 
inlet  throat  (width  of  300  m  and  depth  of  13  m  at  MSL)  to  the  terminal  lobe 
(approximate  main  ebb  channel  width  of  400  m  and  depth  of  3.5  m  at 
MSL)  (Figure  24).  This  1500  m  longitudinal  cross  section  distance  from 
the  inlet  throat  to  the  terminal  lobe  has  a  net  seaward  decrease  in  depth 
of  9.5  m.  Note  also  the  scouring  of  the  main  ebb  channel  450  m  seaward 
of  the  inlet  throat.  This  scouring  is  due  to  flood-tidal  currents  entering 
the  main  ebb  channel  through  the  southern  downdrift  marginal  flood 
channel. 

The  channel  margin  linear  bars  are  sand  bodies  which  flank  the 
main  ebb  channel  and  form  from  the  interaction  of  ebb  and  flood-tidal 
currents  with  wave-generated  currents.  Attachment  of  landward 
migrating  swash  bars  to  distal  portions  of  the  channel  margin  linear 
bars  is  another  mode  of  channel  margin  linear  bar  formation  (cf. 
FitzGerald,  1976).  The  channel  margin  linear  bars  are  dominated  by 
flood  currents  (Oertel,  1975;  FitzGerald,  1976;  and  Hubbard,  1977).  At  the 
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Figure  22 .  Tidal  prism-ebb-tidal  delta  storage  relationship  for  moderately 
exposed  coasts.  Note  that  the  Essex  River  inlet-ebb-tidal  delta  system  does 
follow  this  relationship  (Walton  and  Adams,  1976). 
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shows  the  location  of  the  profile. 
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Essex  River  ebb-tidal  delta,  a  spillover  lobe  was  present  on  the  updrift 
channel  margin  linear  bar  during  the  period  June,  1990-January,  1991 
which  is  a  direct  result  of  the  expansion  of  the  ebb  jet  (cf.  Oertel,  1975). 

Flood  dominance  of  tidal  currents  in  the  marginal  flood  channels 
can  be  explained  by: 

1)  The  momentum  of  ebb  currents  continuing  to  flow  through  the 
main  ebb  channel  after  low  tide.  Therefore,  flood  currents  enter  through 
the  path  of  least  resistance,  which  are  the  marginal  flood  channels 
(Hayes,  1975); 

2)  Intertidal  exposure  of  swash  bars  at  low  tide  constricts  water  into 
swash  bar/landward  beach  confined  marginal  flood  channels  (Hubbard, 
1977); 

3)  Marginal  flood  channels  are  shorter  than  the  main  ebb  channel 
and  therefore  retain  a  greater  water  surface  slope  until  the  bars  are 
covered  (Hubbard,  1977)  and; 

4)  Waves  may  cause  water  to  pile  up  near  the  distal  seaward  end  of 
the  marginal  flood  channels  and  therefore  increase  the  hydraulic  head 
(FitzGerald,  1976). 

Cross  sections  of  the  marginal  flood  channels  are  presented  in 
Figure  25  (Figure  13  shows  the  locations  of  the  cross  sections).  The 
southern  downdrift  marginal  flood  channel  (profile  G-G')  has  a  width  of 
70  m  and  a  maximum  depth  of  4.2  m  at  MSL.  The  cross  sectional  area  at 
MSL  is  230  m2.  The  northern  updrift  marginal  flood  channel  (profile  H- 
H')  has  a  width  of  100  ra  and  a  maximum  depth  of  3.7  m  at  MSL.  The 
cross  sectional  area  at  MSL  is  270  m^. 

The  channel  located  between  the  downdrift  channel  margin  linear 
bar  and  the  downdrift  swash  bar,  henceforth  referred  to  as  the  swash 
platform  channel,  is  dominated  by  tidal  currents.  However,  the 
formation  of  this  channel  is  more  a  result  of  constriction  between  the  two 
surrounding  intertidal  sand  bodies  rather  than  scouring  by  tidal 
currents. 

The  swash  platform  is  the  shallow  portion  of  the  ebb-tidal  delta  over 
wliich  waves  break  and  is  therefore  dominated  by  wave  swash  processes 
(King,  1972).  This  wave  swash  enhances  flood-tidal  currents  but  retards 
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i  Figure  25 .  Fathometer  cross  sectional  profile  of  downdrift  marginal  flood 

W  channel  (G-G')  and  updrift  marginal  flood  channel  (H-H')  at  mean  sea 

B  levc  Cross  sectional  areas  of  channels  at  mean  sea  level  are 

B  approximately  230  m2  and  270  m2  repectively.  Regard  Figure  13  for 

location  of  profiles. 
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ebb-tidal  currents  thereby  producing  a  net  landward  flow  over  the 
platform  (FitzGerald,  1982).  Atop  the  swash  platform  are  individual 
swash  bars  which  migrate  landward  and  whose  size  is  dependent  upon 
sediment  input  into  the  delta. 

The  terminal  lohe  is  the  relatively  steep,  seaward-sloping  lobe  of 
sand  which  flonts  the  ebb-tidal  delta  (Hayes,  1975),  and  represents  a  zone 
of  equilibrium  between  wave  and  tidal  processes  where  sediment  settles 
and  is  deposited.  The  depth  and  position  of  the  terminal  lobe  is  controlled 
by  the  tidal  prism  and  the  resulting  ebb-tidal  delta  sediment  volvune,  and 
tidal  versus  wave  energy.  Additional  changes  to  the  overall  terminal  lobe 
position  is  controlled  by  storm  activity  (Van  den  Berg,  1989). 
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RESULTS 

The  current  data  for  the  five  stations  at  the  inlet  throat  (stations  1-5) 
(Figure  26,27)  are  shown  in  Figures  28-32  and  summarized  in  Tables  3-5. 
At  the  channel  thalweg  (station  3),  maximum  flood  velocities  ranged 
from  79  to  109  cm/sec  while  the  maximum  ebb  velocities  ranged  from  61 
to  104  cm/sec,  and  mean  flood  velocities  (43  to  59  cm/sec)  were  similar  to 
mean  ebb  velocities  (35  to  62  cm/sec).  These  data  would  seem  to  indicate  a 
flood-dominated  inlet.  However,  when  plotting  maximum  and  mean 
current  velocity  versus  tidal  range  (Figure  33),  regression  lines  fitted  to 
these  points  show  that  maximum  ebb  current  velocities  exceed 
maximum  flood  current  velocities  for  tidal  ranges  greater  than  mean 
tide.  This  indicates  that  the  inlet  throat  is  ebb-dominated. 

In  addition,  statistical  analysis  of  both  the  flood  and  ebb  maximum 
velocity  regression  curves  (Figure  33)  has  shown  that  the  ebb  maximum 
velocity  curve  is  not  significant  for  the  95%  confidence  level.  Thus,  the 
regression  lines  do  not  produce  a  high  degree  of  predictability. 

Therefore,  the  maximum  ebb  current  velocity  curve  cannot  be  related  to 
the  maximum  flood  current  velocity  curve.  The  maximum  ebb  currents 
may  in  fact  be  greater  than  the  maximum  flood  currents  for  tidal  ranges 
below  mean  tide. 

Three  separate  lines  of  evidence  indicate  an  ebb-dominance  of  the 
inlet.  First,  bathymetric  profiles  demonstrate  that  the  inlet  throat  is 
floored  by  ebb-oriented  sandwaves  with  wavelengths  up  to  40  m  and 
heights  up  to  1  m  which  are  present  throughout  the  tidal  cycle,  (Profile  A- 
A'  of  Figure  34).  Secondly,  aerial  photographs  have  shown  that  the  flood- 
tidal  delta  has  not  grown  significantly  in  size  over  the  past  years  which 
would  be  expected  if  the  inlet  were  flood-dominated.  Thirdly,  as  noted  by 


Figure  26.  Location  of  hydrography  stations  I- 5  utilized  to  determine 
inlet  hydraulic  parameters.  Cross  section  A-A’  is  shown  in  Figure  27 


location  of  cross  section. 


VELOCITY  (cm/sec)  _  VELOCITY  (cm/sec) 


STATION  1 


STATION  2 


11  13  15  17  19 

TIME  (hours) 

5  7  9  11  13  15  17  19 

TIME  (hours) 

STATION  3 

STATION  4 

9  11  13  15  17  19 

TIME  (hours) 


TIDE  CURVE 


^  150 

h— 

□  100 
I 


9  11  13  15  17  19 

TIME  (hours) 


5  7  9  11  13  15  17  19 

TIME  (hours) 

Figure  29 .  Velocity-time  series  and  tide  curve  for  stations  1  -4  on  10 
August,  1989. 
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Figure  30 ,  Velocity-time  series  and  tide  curve  for  stations  1-4  on  17 
August,  1989. 
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STATIONS 


TIME  (hours) 


STATION  5 


TIME  (hours) 

Figure  31  .  Velocity-time  series  and  tide  curve  for  inlet  throat  channel 
thalweg  station  (station  5)  and  channel  thalweg  station  at  more  seaward 
position  (station  3).  Hydrography  performed  on  05  August,  1990. 
Although  duration  of  tides  are  similar  for  each  station,  maximum 
current  velocities  decrease  in  a  seaward  direction. 
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Figure  32  .  Velocity- time  series  and  tide  curve  for  stations  1,  3  and  5  of 
inlet  channel  of  12  September,  1990. 


Tidal  Station  1  Station  2  Station  3  Station  4  Station  5 

Date  Cycle  (cm/sec)  (cm/sec)  (cm/sec)  (cm/sec)  (cm/sec) 
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Table  4  .  Summary  of  mean  currents  for  stations  1-5. 
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Tidal 

Maximum 

Mean 

Tidal 

Range 

Duration 

Velocity 

Velocity 

Date 

Cycle 

(cm) 

(hrmin) 

(cm/sec) 

(cm/sec) 

26  July  1989 

Flood 

286 

6:23 

88 

48 

Ebb 

253 

6:02 

76 

42 

10  Aug.  1989 

Flood 

203 

6:10 

79 

43 

Ebb 

174 

6:03 

61 

35 

17  Aug.  1989 

Flood 

306 

6:18 

109 

59 

Ebb 

290 

6:08 

104 

62 

05  Aug.  1990 

Flood 

243 

6:10 

84 

47 

Ebb 

225 

5:56 

78 

43 

12  Sept.  1990 

Flood 

282 

6:21 

97 

54 

Ebb 

238 

5:59 

86 

51 

Table  5 

.  Summary  of  hydrographic  data  for  channel  thalweg 

(Station  3). 

Tidal 

Station  3 

Station  5 

Station  6 

Station  7 

Date 

Cycle 

(cm/sec) 

(cm/sec) 

(cm/sec) 

(cm/sec) 

26  July  1989 

Flood 

88 

— 

— 

Ebb 

76 

— 

— 

— 

10  Aug.  1989 

Flood 

79 

— 

— 

— 

Ebb 

61 

17  Aug.  1989 

Flood 

109 

— 

— 

Ebb 

104 

12  June  1990 

Flood 

_ 

— 

27 

21 

Ebb 

— 

— 

39 

30 

05  Aug.  1990 

Flood 

84 

101 

— 

Ebb 

78 

77 

— 

— 

12  Sept.  1990 

Flood 

97 

104 

— 

— 

Ebb 

86 

89 

— 

— 

Table  6  . 

Summary  of  maximiun  currents  for  longitudinal  inlet  throat 

stations. 

Date 

Tidal 

Cycle 

Station  3 
(cm/sec) 

Station  5 
(cm/sec) 

Station  6 
(cm/sec) 

Station  7 
(cm/sec) 

26  July  1989 

Flood 

48 

— 

— 

Ebb 

42 

— 

— 

10  Aug.  1990 

Flood 

43 

— 

— 

Ebb 

35 

— 

— 

17  Aug.  1989 

Flood 

59 

— 

— 

— 

Ebb 

62 

* 

— 

— 

12  June  1990 

Flood 

— 

— 

19 

13 

Ebb 

— 

— 

21 

18 

05  Aug,  1990 

Flood 

47 

63 

— 

— 

Ebb 

43 

46 

— 

— 

12  Sept.  1990 

Flood 

54 

48 

Ebb 

51 

46 

— 

— 

Table  7  .  Summary 
throat  stations. 

of  mean  currents  for  longitudinal  inlet  channel 
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Figure  33  .  Regression  curves  for  maximum  and  mean  current  velocity 
versus  tidal  range  at  the  inlet  throat  channel  thalweg  (station  3).  Note 
that  the  inlet  throat  is  ebb-dominant  for  tidal  ranges  greater  than  mean 
tidal  range  (2.7  m). 


MID  FLOOD 
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Figure  34  .  Fathometer  profile  of  the  main  ebb  channel  performed  longitudinally  in  a  southwest- 
northeast  direction.  Profile  A-A'  shows  well-developed  ebb-oriented  sandwaves  at  the  vicinity  of  the  inlet 
throat.  Profile  A-A"  shows  the  ebb-tidal  delta  cross  section  with  terminal  lobe  and  inlet  throat  as 
indicated.  Figure  13  shows  the  location  of  the  profiles. 
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Mota  Oliveira,  (1972)  inlets  backed  by  well-developed  marshes  with 
sloping  channel  banks  are  predicted  to  be  ebb-dominated.  Such  is  the 
case  at  the  Essex  River  Inlet  where  marshes  and  intertidal  areas 
represent  approximately  89%  of  the  backbarrier  area  (Som,  1990). 

Stations  3,  5, 6  and  7  were  positioned  seaward  of  the  inlet  throat 
along  the  axis  of  the  inlet  channel.  Although  current  velocity 
measurements  at  different  stations  were  recorded  on  different  dates,  the 
data  clearly  demonstrate  that  there  exists  a  marked  decrease  in  both 
maximum  and  mean  flood  and  ebb  currents  in  a  seaward  direction 
(Figure  35,  Table  6-7).  Ebb-oriented  sandwaves  with  wavelengths  up  to 

7.5  m  and  heights  up  to  1.25  m  as  recorded  in  fathometer  profiles  B-B' 
and  B-C  indicate  the  ebb-dominance  of  the  main  ebb  channel  throughout 
the  tidal  cycle  (Figure  36).  Figure  37'A'  shows  these  ebb-oriented 
bedforms  on  the  flank  of  the  main  ebb  channel.  Profile  C'-B"  of  Figure  36 
demonstrates  that  ebb-oriented  sandwaves  change  orientation  just 
landward  of  the  terminal  lobe  due  to  wave-enhanced  flood  currents.  The 
flood-oriented  megaripples  at  this  side  have  maximum  wavelengths  of 

5.5  m  and  maximum  heights  up  to  0.75  m. 

Current  velocity  measurements  taken  in  the  updrifl  (stations  1,  9) 
(Figures  28-30,32,38)  and  downdrift  marginal  flood  stations  (stations  10, 
11,  12)  (Figures  38,39)  and  at  the  downdrift  swash  platform  channel 
(station  19)  (Figure  39)  are  summarized  in  Tables  8  and  9.  In  the  updrift 
marginal  flood  channel,  maximum  flood  velocities  for  both  stations 
ranged  from  34  to  82  cm/sec  while  the  maximum  ebb  velocities  ranged 
from  9  to  24  cm/sec.  Mean  flood  velocities  ranged  from  19  to  35  cm/sec 
while  the  mean  ebb  velocities  ranged  from  5  to  15  cm/sec.  At  the 
downdrift  marginal  flood  channel,  maximum  flood  velocities  for  the 
three  stations  ranged  from  29  to  70  cni/sec  which  compares  to  15  to  32 
cm/sec  for  the  maximum  ebb  velocities.  Mean  flood  velocities  varied 
from  16  to  38  cm/sec  while  the  mean  ebb  velocities  ranged  from  9  to  17 
cm/sec.  The  dominance  of  flood  currents  at  both  the  updrift  and 
downdrift  marginal  flood  channels  is  more  clearly  demonstrated  by  the 
regression  curves  of  Figures  40  and  41.  Although  the  data  do  not  produce 
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Figure  35  .  Velocity-time  series  and  tide  curve  for  stations  6  and  7  located 
longitudinally  in  the  main  ebb  channel.  Hydrography  performed  on  12 
June,  1990  to  determine  differential  current  velocities  in  the  main  ebb 
channel  in  a  seaward  direction  from  the  inlet  throat. 
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Figure  37 .  Oblique  aerial  photograph  taken  at  low  tide  showing  well- 
developed  ebb-oriented  sandwaves  on  outer  flanks  of  main  ebb  channel 
Regard  (A)  in  photograph.  Note  also  the  well-developed  flood-oriented 
sandwaves  in  the  updrift  marginal  flood  channel.  Regard  (B)  in 
photograph. 
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STATION  9 


TIME  (hours) 


STATION  11 


STATION  12  TIDE  CURVE 


TIME  (hours)  ^1^^ 


Figure  38 .  Velocity-time  series  and  tide  curve  for  stations  9  in  the 
updrift  marginal  flood  channel  and  stations  11,  12  in  downdrift  marginal 
flood  channel.  The  hydrography  was  performed  on  17  July,  1990. 
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STATION  10  STATION  11 


series  and  tide  curve  for  stations  10  11  12 
j)cated  m  the  downdnft  marginal  flood  channel  and  station  19  in  fhn 


Tidal  Station  1  Stations  Station  10  Station  11  Station  12  Station  19 

Date  Cycle  (cm/sec)  (cm/sec)  (cm/sec)  (cm/sec)  (cm/sec)  (cm/sec) 
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Table  9  .  Summary  of  mean  currents  for  updrift  and  downdrift  marginal  flood 
channel  and  downdrift  swash  platform  channel  stations. 
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TIDAL  RANGE  (cm) 

Figure  40 .  Plotted  points  for  maximum  and  mean  current  velocity 
versus  tidal  range  for  updrift  marginal  flood  channel  stations  (stations  1 
and  9)  for  flood  and  ebb  tidal  cycles.  Note  the  clear  distinction  in  both 
graphs  between  the  stronger  flood  current  velocity  points  and  the  ebb 
current  velocity  points.  This  indicates  flood  dominance  of  the  updrift 
marginal  flood  channel. 
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Figure  41 .  Plotted  points  for  maximum  and  mean  current  velocity 
versus  tidal  range  for  downdrift  marginal  flood  channel  stations 
(stations  10,  11, 12)  for  flood  and  ebb  tidal  cycles.  A  fitted  regression  line 
would  indicate  an  inverse  relationship  between  maximum  current 
velocity  and  tidal  range.  This  trend  is  explained  by  plotted  points  from 
three  stations  at  different  distances  from  the  main  ebb  channel,  each 
which  have  differing  maximum  current  velocities  at  similar  tidal 
ranges.  Note  the  overall  trend  where  maximiun  flood  current  velocities 
are  stongcr  than  maximum  ebb  current  velocities.  This  indicates  flood 
current  do  linance  of  the  downdrift  marginal  flood  channel. 


67 


a  high  degr  ee  of  predictability  for  both  maximum  and  mean  velocities, 
flood  currents  are  stronger  than  ebb  currents  for  similar  tidal  ranges. 
The  downdrifb  swash  platform  channel  is  also  considered  to  be  flood- 
dominant  as  indicated  from  data  from  one  hydrography.  Flood  currents 
had  maximum  and  mean  velocities  of  35  cm/sec  and  18  cm/sec, 
respectively,  which  compared  to  ebb  current  maximum  and  mean 
velocities  of  17  cm/sec  and  10  cm/sec. 

The  dominance  of  flood  tidal  currents  in  both  marginal  flood 
channels  is  also  demonstrated  by  channel  bottom  flood-oriented 
bedforms.  Profiles  F-F'  and  F'-F"  of  the  updrift  marginal  flood  channel 
illustrate  well-developed  flood-oriented  sandwaves  with  wavelengths  up 
to  20  m  and  heights  up  to  1.5  m  which  remain  flood-oriented  throughout 
the  tidal  cycle  (Figure  42).  Figure  37'B’  shows  these  flood-oriented 
sandwaves  of  the  updrift  marginal  flood  channel.  The  downdrift 
marginal  flood  channel  is  floored  by  well-developed  flood-oriented 
sandwaves  with  wavelengths  up  to  10  m  and  heights  up  to  1  m  (Figure 
43,  Profile  D-D').  The  downdrift  marginal  flood  channel  bedforms  are 
smaller  than  those  of  the  updrift  marginal  flood  channel  due  to  weaker 
maximum  flood  current  velocities.  These  bedforms  change  orientation 
only  during  late  ebb  stages  of  the  tidal  cycle  due  to  ebb  currents  with 
maximum  velocities  of  32  cm/sec  (Figure  43,  Profile  E-E') 

Less  symmetrical  flood-oriented  bedforms  are  found  in  the  distal 
downdrift  marginal  flood  channel  (Figure  44,  Profile  D'-D")  and 
downdrift  swash  platform  channel  (Figure  44,  Profile  E'-E")  However, 
sandwaves  in  the  distal  downdrift  marginal  flood  channel  are  better 
defined  than  in  the  swash  platform  channt.,  thus  indicating  stronger 
flood  currents. 


DISCUSSION 

The  vector  analysis  of  maximum  current  velocities  at  the  inlet  are 
depicted  in  Figure  45.  This  correlates  well  with  typical  ebb-tidal  delta 
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Figure  43 .  Fathometer  profiles  of  the  downdrift  marginal  flood  channel.  Profiles  D-D'  and  E-E’ 
performed  longitudinally  at  mid  flood  and  late  ebb  tides,  respectively.  Note  the  flood-oriented 
sandwaves  during  the  mid  flood  stage  of  the  downdrift  marginal  flood  chanv.el  (D-D').  These 
bedforms  become  transitional  only  at  late  ebb  stage  (E-E').  Each  block  represents  25  m  of  distance. 
Figure  13  shows  the  location  of  profiles. 
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Profile  E'-E"  of  the  swash  platform  chsumel  shows  poorly  developed  flood-oriented  megaripples.  Note 
better  developed  flood-oriented  bedforms  at  locations  nearer  to  main  ebb  chEinnel  (E’).  Figure  13  shows 
location  of  profiles. 
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Figure  45.  Net  direction  and  magnitude  of  maximum  currents  as 
determined  from  hydrographic  data.  Length  of  stem  of  arrow  measured 
from  base  of  head  to  l^il  indicates  net  magnitude.  One  cm  of  arrow 
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segregation  of  flow  as  reported  by  Hayes  (1977)  (Figure  46).  The 
segregation  of  flow  is  primarily  a  factor  of  the  hydraulic  gradient  in  a 
seaward  direction  associated  with  the  ebb  jet.  The  ebb  jet  is  controlled  by 
changes  in  inlet  cross  section  and  efficiency  over  the  tidal  cycle 
(FitzGerald  and  Nummedal,  1983),  and  changes  in  the  backbarrier  bay 
area  over  the  tidal  cycle  (Keulegan,  1967;  Mota  Oliveira,  1970).  As  the  tide 
falls,  the  rapidly  decreasing  bay  area  results  in  the  constriction  of  water 
into  channels.  This  results  in  less  friction,  greater  ebb  current  velocities 
which  continue  to  flow  past  the  low  water  stage  of  the  open  ocean,  and 
longer  flood  tidal  durations  (Mota  Oliveira,  1970).  As  ebb  current  velocity 
decreases,  the  flood  currents  follow  the  path  of  least  resistance  which  is 
first  through  the  marginal  flood  channels  and  then  through  the  main 
ebb  channel  and  over  intertidal  sand  bodies  (Figure  47). 

The  ebb  jet  also  produces  time-velocity  assymetry  of  currents  (Figure 
48'A')  (Postma  1961;  Hayes,  1977)  or  maximum  tidal  currents  which 
occur  late  in  the  tidal  cycle  and  maximum  flow  velocities  of  one  tidal 
stage  which  are  stonger  than  the  other.  At  the  study  area,  tidal  current 
curves  exhibit  only  velocity  assymetry.  The  inlet  throat  channel  thalweg 
(station  3)  has  stronger  flood  currents  than  ebb  currents  (Figure  48'B'). 
However,  maximum  ebb  currents  occur  on  average  only  slightly  after 
mid-tide.  This  is  explained  by  the  percentage  of  marsh  surface  in  the 
backbarrier  and  the  shallow  depth  of  the  channel  margin  linear  bars 
which  are  exposed  soon  after  mid  tide.  This  results  in  the  constriction 
and  funneling  of  the  currents  earlier  in  the  tidal  cycle  so  maximum 
currents  occur  earlier  (Hubbard,  1977).  Both  marginal  flood  channels 
demonstrate  flood  current  velocity  assymetry  (Figure  48'C'  and  'D')  as  is 
demonstrated  by  stronger  flood  currents  than  ebb  currents. 

By  relating  spring  tidal  prism  (3.04  x  lO"^  m^/tidal  cycle)  with  inlet 
thrc  *  cross  sectional  area  (1.77  x  10^  m2),  the  Essex  River  Inlet  data 
plots  within  the  95%  confidence  limits  for  inlets  on  the  Atlantic  Coast 
with  one  or  no  jetties  (Jarrett,  1976)  (Figure  49).  This  indicates  that  the 
inlet  is  in  a  state  of  long  term  stability  or  dynamic  equilibrium. 
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Figure  46 .  Segregation  of  flow  of  ebb-tidal  delta  and  effect  on  ebb-tidal 
delta  morphology.  Note  the  ebb-dominance  of  the  main  ebb  channel  and 
the  flood-dominance  of  the  marginal  flood  channels  as  is  shown  in  the 
tidal  current  curves.  The  initial  flooding  of  the  estuary  is  shown  at  right. 
Note  the  continuation  of  ebb  flow  in  the  main  ebb  channel  past  the  low 
water  stage  in  the  ocean  (Hayes,  1977). 
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Figure  47 .  Idealized  inlet  flow  patterns  for  flood  and  ebb  tidal  stages 
(Dean  and  Walton,  1975). 
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Figure  48  .  A)  Typical  tidal  current  velocity  time- series  for  a  mesotidal 
ebb-tidal  delta,  which  illustrates  the  principle  of  time-velocity  assymetry. 
(Hayes,  1977).  Velocity-time  series  for  the  study  area  including  B)  Main 
ebb  channel  and  C)  Updrift  and  downdrift  marginal  flood  channels. 


(P)  Spring  Tidal  Prism  (m^) 
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(Al  Minimum  Inlet  Throat  Cross  Sectional  Area  (m^) 


Figure  49 .  Tidal  prism  versus  minimum  inlet  cross-sectional  area.  The 
Essex  River  Inlet  relationship  fits  well  within  the  95%  confidence  limits 
(after  Jarrett,  1976). 
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EBB-TTOAL  DELTA  MORPHODYNAMICS 
SEDIMEOT  CHARACTERISTICS 


Generally,  the  delta  is  composed  of  very  well  to  well-sorted  (0.210  - 
0.500)  fine  to  medium  sand  (1.750  -  2.500).  The  well-sorted  nature  of  the 
delta  sands  is  indicative  of  the  fine-grained  nature  of  the  limited 
sediment  sources. 

The  sediment  source,  and  wave  and  tidal  energy  are  the  major 
factors  controlling  the  Essex  River  ebb-tidal  delta  grain  size 
characteristics.  The  sediment  source  at  the  Essex  River  Inlet  is  derived 
primarily  from  longshore  currents  and  is  fine  to  medium  sand  with  very 
small  amoimts  of  coarse-grained  material  derived  from  the  erosion  of 
drumlins. 

Although  the  delta  is  composed  primarily  of  well-sorted  fine  to 
medium  sand,  some  recognizable  grain  size  trends  are  present.  A 
seaward  grain  size  fining  sequence  occurs  from  the  inlet  throat  thalweg 
(medium  sand-mean  grain  size  1.700)  to  the  terminal  lobe  (fine  sand- 
mean  grain  size  2.000)  and  is  due  to  the  decrease  of  tidal  current  energy 
in  a  seaward  direction  (cf.  Nelligan,  1982;  Sha,  1989).  This  fining 
sequence  continues  seaward  from  the  terminal  lobe  to  the  seaward  extent 
of  the  ebb-tidal  delta  where  the  5  m  depth  contour  parallels  the  shoreline 
(very  fine  sand-  mean  grain  size  2.620  with  an  average  sorting  coefficient 
of 0.340). 

There  is  also  a  difference  in  grain  size  characteristics  between  the 
tide  and  wave-dominated  environments  of  the  delta.  Tide-generated 
currents  are  stronger  than  wave-generated  currents  and  therefore  are 
more  competent  in  winnowing  out  fine-grained  sediment,  thus  leaving 
the  coarse-grained  sediment  to  settle.  Therefore,  tide-dominated 
environments  are  coarser  than  wave-dominated  environments. 
Generally,  sediments  of  tide-dominated  environments  are  composed  of 
well-sorted  medium  sand  (mean  grain  size  of  1.940;  sorting  coefficient  of 
0.340).  Specific  tide-dominated  environments  can  be  further 
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differentiated.  The  mean  grain  size  of  main  ebb  channel  sediments  is 
1.850  (medium  sand)  as  compared  to  1.940  (medium  sand)  and  2.030 
(fine  sand)  for  sediments  of  the  downdrift  and  updrift  marginal  flood 
channels,  respectively. 

Sediments  of  the  wave-dominated  environments  (swash  bars  and 
distal  channel  margin  linear  bars)  have  a  mean  grain  size  of  2.110  (fine 
sand)  and  a  sorting  coefficient  of  0.300  (well-sorted).  The  proximal 
channel  margin  linear  bar  environment  has  grain  size  characteristics 
similar  to  wave-dominated  environments  (mean  grain  size  of  2.150  (fine 
sand)  and  an  sorting  coefficient  of  0.270  (very  well  sorted). 

Updrift  and  downdrift  portions  of  the  delta  possess  different  grain 
size  characteristics.  The  updrift  portion  of  the  delta  is  composed 
primarily  of  fine  sand  as  is  shown  by  mean  grain  size  of  the  delta 
seaward  of  the  low  tide  terrace  (2.220)  and  of  Crane  Beach  (2.160).  The 
downdrift  portion  of  the  delta  is  composed  of  medium  sand  indicating  a 
mean  grain  size  of  the  delta  seaward  of  the  low  tide  terrace  (1.830)  and  of 
Coffins  Beach  (1.860).  This  grain  size  trend  may  be  explained  by  the  inlet 
channel  acting  as  a  coarse-grained  sediment  trap.  Coarser-grained 
sediment  bypasses  Crane  Beach  during  storms  and  enters  the  inlet 
system.  As  sediment  is  reworked  through  downdrift  portions  of  the  delta 
and  reintroduced  into  the  main  ebb  channel  by  residual  flood  currents 
through  the  downdrift  marginal  flood  channel,  some  coarser-grained 
material  is  deposited  on  the  downdrift  Coffins  beach. 

There  are  also  variations  in  wave  energy  on  Crane  Beach  which 
results  in  a  sediment  coarsening  trend  to  the  southeast  towards  the  inlet. 
This  coarsening  sequence  of  grain  size  is  anomalous  to  the 
southeastward  fining  trend  of  sediments  within  the  Merrimack 
Embayment  (Schalk,  1936;  Goodbred  and  Montello,  1989).  Coffins  Beach 
shows  no  such  sediment  trends. 
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SEDIMENT  TRANSPORT  PATTERNS 


INTRODUCTION 

Southerly  longshore  currents  are  responsible  for  bringing  sediment 
to  the  updrift  side  of  the  Essex  River  ebb-tidal  delta.  The  sediment  is 
subsequently  distributed  throughout  the  delta  by  tidal  and  wave¬ 
generated  currents  through  inlet  sediment  bypassing.  While  some  of  the 
sediment  is  reintroduced  into  the  longshore  sediment  transport  system 
primarily  by  wave  processes  along  the  terminal  lobe,  much  of  the  sand  is 
reworked  and  redeposited  in  the  delta  itself  by  a  combination  of  tidal  and 
wave-generated  currents  acting  on  the  ebb-tidal  delta  platform. 

Sediment  transport  patterns  at  the  Essex  River  ebb-tidal  delta  are 
dominated  by  landward  transport  across  the  swash  platform  through  the 
landward  migration  of  swash  bars,  seaward  transport  in  the  main  ebb 
channel,  and  a  transport  reversal  at  downdrift  portions  of  the  delta  just 
seaward  of  Coffins  Beach.  Morphologic  changes  to  beaches  and 
intertidal  offshore  sand  bodies,  and  the  migration  of  the  distal  main  ebb 
channel  can  be  related  to  these  sediment  transport  patterns. 


TIDAL  AND  WAVE-GENERATED  CURRENTS 
Inlet  Sediment  Bypassing 

Inlet  sediment  bypassing  at  the  Essex  River  ebb-tidal  delta  follows 
the  model  as  proposed  by  Bruun  and  Gerritsen  (1959)  and  Hine  (1975), 
and  refined  by  FitzGerald  (1984).  In  this  model,  inlet  sediment  bypassing 
at  stable  inlets  occurs  through  tidal  and  wave  processes  which  transport 
sediment  from  the  updrift  to  the  downdrift  side  of  the  delta.  The  input  of 
sediment  into  the  updrift  marginal  flood  channel  comes  from  longshore 
sediment  transport.  Tidal  and  wave-generated  currents  carry  sand 
through  the  marginal  flood  channel  and  across  the  channel  margin 
linear  bar  into  the  main  ebb  channel.  Net  seaward  currents  of  the  ebb- 
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dominated  inlet  transport  sediment  seaward  to  the  terminal  lobe  through 
sandwave  migration.  Wave  activity  then  moves  the  sediment  back 
onshore.  At  high  tide,  wave  activity  is  concentrated  on  the  swash  bars 
resulting  in  their  landward  migration  across  the  swash  platform.  At 
low  tide,  wave  activity  is  concentrated  along  the  terminal  lobe  and 
therefore  sediment  is  transported  aroimd  the  periphery  of  the  delta  along 
the  terminal  lobe  to  adjacent  beaches.  Thus,  sediment  is  both 
reintroduced  into  the  delta  at  downdrift  portions  and  is  returned  into  the 
longshore  sediment  transport  system. 

Swash  Processes 

Landward  migration  of  intertidal  swash  bars  at  Essex  has  been 
documented  for  both  downdrift  and  updrift  portions  of  the  delta  over  a  14 
month  period  (May,  1989-August,  1990)  by  measuring  the  landward 
movement  of  the  swash  bar  slipfaces  (Figure  50).  During  this  period,  the 
updrift  swash  bar  (stake  4)  migrated  onshore  77  m  while  the  downdrift 
swash  bar  (stake  7)  migrated  117  m  (Table  10,  Figure  51).  The  rate  of 
onshore  swash  bar  migration  is  dependent  upon  tidal  range,  wave 
energy  and  height  of  the  bar  with  respect  to  MLW  (FitzGerald,  1984).  An 
aerial  view  of  this  downdrift  swash  bar  slipface  as  well  as  the  two  phases 
of  landward  migrating  swash  bars  are  shown  in  Figure  52. 

Smaller  swash  bars  tend  to  be  ephemeral  features  which  constantly 
migrate  landward  and  coalesce  with  larger  swash  bar  complexc  s  This 
is  demonstrated  by  the  rapid  migration  (6.6  m/week)  and  coalescing  of  an 
updrift  swash  bar  (stake  12)  to  a  larger  updrift  swash  bar  (stake  4). 

Current  velocity  measurements  of  swash  processes  at  four  stations 
showed  the  combined  effects  of  wave  activity  and  tidal  currents  over  the 
swash  bars.  Velocity-time  series  (Figure  53)  and  the  summary  of 
hydrographic  data  (Table  11)  indicate  that  three  of  the  four  stations  were 
flood-dominant  both  in  terms  of  velocity  and  duration.  This  net  onshore 
component  of  currents  is  explained  as  a  result  of  waves  breaking  on  or 
near  the  swash  bars  which  create  bores  of  water  thus  retarding  ebb 
currents  but  enhancing  flood  currents  (cf.  FitzGerald,  1982).  Thus,  the 
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Figure  60 .  Slipface  of  downdrifl  swash  bar  exposed  at  low  tide  of  0.B2  m 
below  mean  low  water.  Height  of  slipface  is  approximately  1.00  m.  Pen 
on  left  side  of  photograph  for  scale. 
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LOCATION  DATE  OF 

MEASUREMENT 

CUMULATIVE 
DISTANCE 
FROM  STAKE 
TO  SLIPFACE 
Im) 

CHANGE  IN 

STAKE  TO 

SLIPFACE  DISTANCE 
FROM  PREVIOUS 
MEASURMENTimI 

UPDRIFT 

STAKE  4  29  May  1989 

0.0 

— 

22  June  1989 

6.5 

6.5 

19  July  1989 

12.3 

5.8 

28  April1990 

72.0 

59.7 

04  May  1990 

79.0 

7.0 

28  May  1990 

103.6 

24.6 

24  June  1990 

107.0 

3.4 

22  July  1990 

109.0 

2.0 

STAKE  11  09  Mar  1990 

0.0 

— 

27  April  1990 

8.4 

8.4 

04  May  1990 

15.4 

7.0 

28  May  1990 

40.0 

24.6 

24  June  1990 

43.4 

3.4 

22  July  1990 

45.4 

2.0 

STAKE  12  27  April  1990 

0.0 

04  May  1990 

6.6 

6.6 

—7^1111  mm 

« 

li'il"Mlil'  II 1^— — 

STAKE  7  19June1989 

0.0 

29  June  1989 

0.0 

0.0 

07  July  1989 

1.1 

1.1 

19  July  1989 

1.1 

0.0 

09  March  1990 

55.1 

54.0 

24  April  1990 

59.5 

4.4 

04  May  1990 

63.5 

4.0 

24  June  1990 

65.7 

2.2 

22  July  1990 

66.9 

1.2 

4.6 

STAKE  8  09  Mar  1990 

0.0 

24  April  1990 

4.4 

4.4 

04  May  1990 

8.4 

4.0 

24  June  1990 

10.6 

2.2 

22  July  1990 

11.8 

1.2 

aimi  mm 

4.6  . 

STAKE  14  27  April  1990 

0.0 

04  May  1990 

0.0 

0.0 

25  May  1990 

4.1 

4.1 

24  June  1990 

14.1 

10.0 

22  July  1990 

14.1 

0.0 

10  Aug.  1990 

16.6 

2.5 

16.6 

STAKE  13  23  April  1990 

0.0 

— 

WRcIHHIi 

_ 23J1 _ _ 

Table  10 .  Migration  of  updrifl  (stakes  4,  11, 12)  and  downdrift  (stakes  7, 
8,  14,  13)  swash  bars  as  determined  by  measuring  changes  in  distance 
between  permanent  stake  and  slipface.  Positive  values  of  stake 
migration  represent  landward  migration  of  swash  bar.  Asterisk 
indicates  landward  migration  and  coalescing  of  bar  to  landward  bar. 


Figure  51 .  Landward  migration  of  downdrift  and  updrifl  swash 
complexes  (stakes  7  and  4,  respectively)  as  determined  from  mapping  on 
three  different  dates. 
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Figure  52  .  Oblique  aerial  photograph  taken  at  low  tide  showing 
landward  migration  of  the  downdrift  swash  bar.  Note  particularly  the 
landward  slipface  as  is  also  shown  in  Figure  50 .  Regard  'A'  on 
photograph. 


VELOCITY  (cm/sec)  VELOCITY  (cm/sec) 
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STATION  15  STATION  16 


TIME  (hours)  TIME  (hours) 


STATION  17  STATION  18 


TIME  (hours)  (hours) 

TIDE  CURVE  •• 


TIME  (hours) 


Figxire  53 .  Velocity- time  series  and  tide  curve  for  stations  15-18 
associated  with  the  swash  process  study.  Hydrography  performed  on  12 
June  1990.  Regard  Figure  19  for  location  of  stations. 
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Stafion 

Date 

Tidal 

Cvde 

Tidal 

Range 

Duration 

ftinrinl 

Maximum 

Velocity 

(cm/sect 

15 

12  June 

1990 

Flood 

277 

7:20 

64 

Ebb 

246 

5:05 

22 

16 

12  June 

1990 

Flood 

277 

7:15 

60 

Ebb 

246 

5:48 

23 

17 

12  June 

1990 

Flood 

277 

6:07 

38 

Ebb 

246 

5:28 

38 

18 

12  June 

1990 

Flood 

277 

6:10 

53 

Ebb 

246 

4:24 

13 

Table  11 .  Summary  of  hydrographic  data  for  stations  associated  with  the 
swash  process  study  (stations  15-18). 


87 


swash  platform  environments  experience  a  net  landward  transport  of 
sediment  resulting  in  bar  migration  onshore  (cf.  Hine,  1975). 

Station  17  (Figure  53),  which  is  located  on  a  swash  bar  that  had 
previously  coalesced  to  the  distal  downdrift  channel  margin  linear  bar,  is 
neither  flood  nor  ebh-dominant  due  to  its  proximity  to  the  main  ebb 
channel.  In  this  case  the  landward-oriented  swash  processes  are  offset 
by  ebb  currents  associated  with  the  slight  downdrift  offset  configuration 
of  the  main  ebb  channel. 

Maximum  flood  current  velocities  for  all  stations  occur  at  or  just 
before  mid-tide  shortly  after  the  bar  is  covered  when  waves  break  directly 
on  the  bar.  Maximum  ebb  current  velocities  occur  at  mid  tide  for  all 
stations,  except  station  18,  and  therefore  have  a  maximum  ebb  current 
velocity  earlier  in  the  tidal  cycle  than  that  of  the  typical  main  ebb  channel 
tidal  current  time-velocity  curve  (Figure  48'A')(Hayes,  1977).  The 
maximum  ebb  current  velocity  for  station  18  occurs  earlier  in  the  tidal 
cycle  and  is  representative  of  a  typical  marginal  flood  channel  curve  as 
reported  in  the  liturature  by  Hayes  (1977). 

Longshore  Sediment  Transport  Processes 

Numerous  studies  have  documented  a  longshore  sediment 
transport  reversal  at  downdrift  portions  of  the  ebb-tidal  delta  (Hubbard, 
1975;  FitzGerald,  1976;  Finely,  1978;  FitzGerald,  1982  and  Sha,  1989). 
Although  not  conclusive,  data  collected  during  three  hydrographies 
(Figures  54-56,  Table  12)  suggest  the  presence  of  a  transport  reversal  in 
the  downdrift  portion  of  the  Essex  River  ebb-tidal  delta. 

Updrift  stations  8  and  9  (updrift  of  the  marginal  flood  channel 
proper)  are  both  flood-dominated.  This  confirms  the  general  longshore 
current  direction  to  the  southeast,  Downdrift  stations  11-14  show  a 
decrease  of  channel  flood-dominance  from  the  northwest  (station  11)  to 
the  southeast  (station  14).  This  is  demonstrated  particularly  well  by  the 
time-velocity  series  curves  in  Figures  54  and  56.  The  only  station  which 
can  be  considered  truly  ebb-dominant  both  in  terms  maximum  velocity 
and  duration  is  station  14.  Thus,  the  current  measurements  indicate  a 
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STATION  8 


STATION  9 


TIME  (hours) 
STATION  11 


8  10  12  14  16  18  20  22 

TIME  (hours) 


TIME  (hours) 
STATION  12 


TIME  (hours) 


STATION  13  STATION  14 


TIME  (hours) 


Figure  54.  Velocity-time  series  and  tide  curve  for  stations  8-9, 11-14. 
Hydrography  performed  on  17  July  1990  to  determine  longshore  currents 
and  the  presence  of  a  downdrift  transport  reversal.  Figure  19 
shows  the  location  of  stations. 
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STATION  11 


TIME  (hours) 


STATION  12 


TIME  (hours) 


TIDE  CURVE 


Figure  55 .  Velocity- time  series  and  tide  curve  of  stations  located  in 
downdrift  marginal  flood  channel.  Hydrography  performed  on  5  August 
1990  to  determine  the  presence  of  a  downdrift  transport  reversal. 
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STATION  13 


TIME  (hours) 


STATION  14 


TIDE  CURVE 


TIME  (hours) 


Figure  56 .  Velocity-time  series  and  tide  curve  for  stations  13  and  14  of 
downdrifl  marginal  flood  channel.  Hydrography  performed  on  12 
September  1990  to  determine  the  presence  of  a  downdrifl  transport 
reversal. 
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Table  12 .  Summary  of  hydrographic  data  for  stations  associated  with 
longshore  current  measurement/transport  reversal  hydrographies. 
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longshore  sediment  transport  reversal  at  some  point  between  stations  13 
and  14. 

Wave  directions  and  orthogonals  as  determined  from  analysis  of 
oblique  aerial  photographs  also  give  evidence  for  the  presence  of  a 
longshore  sediment  transport  reversal  (Figure  57).  Note  the  divergence 
of  orthogonals  at  the  downdrift  extent  of  the  delta  due  to  wave  refraction 
around  the  large  downdrift  swash  bar  (cf.  Hine,  1975;  cf.  FitzGerald, 
1984).  Orthogonals  updrift  of  this  location  bend  towards  the  main  ebb 
channel  while  downdrift  orthogonals  are  directed  to  the  southeast,  away 
from  the  delta.  When  the  downdrift  swash  bar  is  close  to  shore  or  has 
attached  to  Coffins  Beach,  orthogonals  do  not  separate  and  sediment  is 
transported  away  from  the  delta  to  the  more  southern  portions  of  Coffins 
Beach. 

A  generalized  sediment  transport  map  utilizing  residual  current 
velocities  from  hydrographies,  slip  *ace  orientations  and  wave  swash 
process  study  velocities  is  shown  in  Figure  58. 

MORPHOLOGIC  CHANGES  TO  BEACHES  AND  INTERTIDAL 
SAND  BODIES 

Beaches 

Morphological  characteristics  and  sediment  erosion/accretion 
trends  for  Crane  and  Coffins  Beaches  have  been  determined  over  the 
period  June,  1989-August  1990  through  the  analysis  of  beach  profiles.  A 
flattening  of  the  beaches  occurs  in  a  southeast  direction  for  both  Crane 
and  Coffins  Beaches.  This  trend  at  Crane  Beach  is  due  to  the  effects  of 
greater  sediment  input  from  spit  accretion  at  profiles  lA,  1  and  2  of  the 
southeast  portion  of  Crane  Beach  and  greater  wave  activity  at  the 
northwest  portions  due  to  protection  from  wave  activity  of  the  southeast 
portions  by  the  updrift  channel  margin  linear  bar. 

The  flattening  of  Coffins  Beach  to  the  southeast  occurs  for  two 
reasons.  First,  there  is  a  greater  supply  of  sediment  to  the  southeaot 
portion  due  to  the  landward  migration  and  welding  of  large  swash  bars 
and  the  movement  of  sediment  back  towards  the  inlet  by  refracted  waves. 


Figure  58 .  Sediment  transport  directions  as  determined  from  residual 
current  measurements  from  hydrographies,  swash  bar  slipface 
orientation  and  the  wave  swash  process  study. 
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Second,  the  northwest  portion  of  Coffins  Beach  is  eroded  by  the  flood 
currents  of  the  downdrift  marginal  flood  channel,  thus  steepening  the 
beachface. 

The  net  sediment  volume  loss  for  Crane  and  Coffins  Beaches  during 
the  entire  field  investigation  period  was  188  m^/m  and  37  m^/m, 
respectively  (Table  13).  This  loss  of  sediment  during  the  winter  of  1989- 
1990  exposed  bedrock  along  the  low  tide  terrace  of  the  Coffins  Beach  near 
to  profile  9.  In  addition,  a  total  of  eight  out  of  thirteen  profiles  incurred  a 
net  sediment  depletion. 

Beach  volume  changes  can  be  broken  down  into  three  periods  of 
erosion  and  accretion.  During  the  first  phase  (June,  1989  -  December, 
1989),  increases  in  sediment  volume  for  Crane  and  Coffins  Beaches  were 
128  m^/m  and  13  m^/m,  respectively.  During  the  second  phase 
(December,  1989  -  February,  1990),  Crane  Beach  eroded  85  m^/m  while 
Coffins  Beach  accreted  slightly  (10  m^/m).  This  results  in  a  net  sediment 
loss  during  this  period  of  48  m^/m.  The  third  phase  (February,  1990  - 
August,  1990)  also  represents  a  period  of  beach  erosion.  During  this 
period,  nine  out  of  eleven  profiles  eroded  for  an  average  sediment  loss  of 
153  m^/m.  Note  the  substantial  sediment  loss  of  231  m^/m  on  Crane 
Beach  where  five  out  of  six  profiles  eroded.  On  Coffins  Beach  four  out  of 
five  profiles  eroded  for  an  average  sediment  loss  of  60  m^/m.  Thus, 
during  the  entire  fifteen  month  study  period,  the  average  sediment  loss 
for  both  Crane  and  Coffins  Beaches  was  118  m^/m. 

Further  anlaysis  of  profile  data  has  indicated  that  areas  closer  to  the 
inlet  have  eroded  while  areas  farther  from  the  inlet  have  accreted. 
Southeastern  Crane  Beach  (profiles  1-3),  nearer  to  the  inlet,  experienced 
net  erosion  during  the  study  while  northwestern  Crane  Beach  (profiles  4- 
7)  underwent  net  accretion  with  the  exception  of  profile  7,  located  furthest 
from  the  inlet  (Figure  59). 

Northwestern  Coffins  Beach  (profiles  8-10),  which  is  nearer  to  the 
inlet  experienced  a  net  erosion  during  the  study  while  southeast  Coffins 
Beach  (profiles  11-12)  underwent  net  accretion  (Figure  60). 


Intertidal  Offshore  Sand  Bodies 


96 


o 

Ol  o 

O)  Ol 
Ol 

£i  Ol 

<B  g 
u.  < 


Ol 

a>  ^ 

??§ 

.01 

d  - 
0) 

Q  n 

rs 

O  01 
Z  U. 


O) 

00 

2  O’ 

^  00 

—2 

01 

I? 

tsa 

O)  > 


c 

o 

w 

s 

UJ 

II 


E 

% 

00 

00 


c 
o 
'</! 
_  P 

9 

Q. 

10  '< 


lU 

oi 


c 

o 

‘55 

9 

UJ 

II 

9 

a 


CO 

E 

T- 

<0 

CM 

II 

C 

o 

'55 

9 

UJ 


5S  I 

m  < 


E 

CO 

E 

in 

00 

II 

c 

o 

"55 

9 

Ol 


c 
o 
'w 

9 

UJ 
H 

9 

Q. 

00  5 

is  ^ 


CO 

E 


00 

CVJ 


01 

8 


II 
c 
_  o 

a  . 
5  % 

CP  «». 


c 

o 

'55 

9 

UJ 

II 

50 


1^ 

CO 

It 

c 

o 

'w 

9 

UJ 

01 

> 


CO  < 


o 

CO 


UJ 

II 


II 
c 
o 
'55 

s  S 


?5  < 


E 

•S  ” 

£  II 

II 

II  9 

t  < 

cvl  ^ 


CO 


E 

E 

CO 


O  B 

I'i 

9 

M  LU 

eo  a, 

o5  < 


CO 

■=1 

«2 

I  “ 

H  O 

9  s 

Q.UJ 

-  5 

05  <5 


E 

s'^ 

UJ  « 
M  O 

9  S 

Q.UJ 

2  ® 
00  < 


E 

o  ^ 

CO 
o  CO 

Ic 

<  o 

"1 

2I 

CL  < 
CO  © 
> 

00  < 


UJ  I 

z  I 

_l 

^  0 

u.  0 

< 

<  < 

\k  < 

1- 

CE  Ul 

0  UJ 

0 

0  CQ 

0  CO 

H- 

Qj)  ®  _ 

a  S  a-S 
i  a 


n  CO 

1^-9 

sS  g  a  jj 

^  O  Cm 

So-S 

®  g 

g  Sjoioi  § 

OiCOOO  ”  2  S 
^  C3>  o>  fi  3  G 

O  *H  iH  p  obt2 
•z  «  «  §  PS 

ip  P  cl  cl  ■♦■>  CO  w 

“  .5  w  w  59  0>  S 

o  43  eo  o  rt 


O 

a 


u 

<0 


Vi  _  _ 

>  Q  Q  Jh  P  O  ■'•£;< 

©'-''TH  3  s  a>  § 

M  0)  CJ)  X 

•g|ii§-g||s 

-g  g§ci3<J  a  ®fq  > 
a  §  S  a  ^ 

<  -d  «  p  Ol  .s  0<Q 

'd  3  p  -3 

52  .a  ^  ^  b  p  ^ 

p  g  a  p  d  -u  43  ^ , 

:aS  §>5|  g  fl*g^ 

.a^  ■ 


<S) 

H 'd  <t3 


> 

o 


Jh  p 
Pi  CO 


m 


<3—  PROFILE  1 
—  PROFILE  1 A 
fl—  PROFILE  2 
—  PROFILES 


1 


CRANE  BEACH-NORTHWEST  COMPONENT 


1989  1990 
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Figure  59 .  Changes  in  volume  (m^/m)  over  time  for  Crane  Beach  from 
June,  1989  to  August,  1990.  Datum  of  0  m^/m  started  in  June,  1989.  Two 
compartments  have  been  determined.  The  southeast  compartment 
(Profiles  1-4)  nearer  to  Essex  River  Inlet  has  decreased  in  volume  over 
the  time  period  while  the  northwest  compartment  (profiles  5-7)  has 
increased  in  volume  over  the  time  period  (except  for  profile  7).  Numbers 
above  time  axis  on  southeast  compartment  graph  indicate  dates  of 
mapping  of  interti  dal  offshore  sand  bodies. 
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Figure  60 .  Changes  in  volume  (m^/m)  over  time  for  Coffins  Beach  from 
June,  1989  to  August,  1990.  Datum  of  0  m^/m  started  in  June,  1989.  Two 
compartments  have  been  determined.  The  northwest  compartment 
(profiles  8-10)  nearer  to  Essex  River  Inlet  has  decreased  in  volume  over 
the  time  period  while  the  southeast  compartment  (profiles  11-12)  has 
increased  in  volume  over  the  time  period.  Numbers  above  time  axis  on 
the  northwest  compartment  graph  indicate  dates  of  mapping  of  intertidal 
offshore  sand  bodies. 
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Significant  changes  to  the  offshore  sand  bodies  including 
migrations  and  changes  in  sand  body  area  have  resulted  primarily  from 
sediment  input/output  and  channel  migration  patterns  (Table  14). 
Overall,  three  major  trends  are  present  including:  1)  a  southerly 
migration  of  both  the  updrift  and  downdrift  channel  margin  linear  bars; 
2)  an  onshore  migration  of  swash  bars  along  both  the  updrift  emd 
downdrift  portions  of  the  ebb-tidal  delta  and;  3)  an  overall  enlargement  of 
the  intertidal  portions  of  the  ebb-tidal  delta  complex  (Figure  61). 

The  updrift  channel  margin  linear  bar  increased  in  area  and 
migrated  to  the  south  over  the  fourteen  month  period  from  June,  1989  to 
August,  1990.  These  changes  are  attributed  mostly  to  an  increase  in 
sediment  to  this  environment  through  southerly  longshore  currents,  and 
interplay  between  wave  activity  and  ebb-oriented  tidal  currents  through 
the  main  ebb  channel.  Evidence  for  this  increase  is  the  connection  that 
formed  between  the  distal  channel  margin  linear  bar  and  updrift  swash 
bar  complex  between  28  April,  1990  and  21  August,  1990. 

This  increase  of  sediment  to  the  updrift  channel  margin  linear  bar 
is  responsible  for  the  deflection  and  resulting  southerly  migration  of  the 
distal  main  ebb  channel  as  is  demonstrated  by  aerial  photographs  in 
Figure  62.  This  migration  of  the  main  ebb  channel  and  expansion  of  the 
ebb  jet  (as  is  shown  by  ebb-oriented  bedforms  on  the  distal  downdrift 
channel  margin  linear  bar-Figure  63)  have  resulted  in  the  southerly 
migration  of  the  entire  downdrift  channel  margin  linear  bar.  Distal 
portions  of  the  downdrift  channel  margin  linear  bar  migrated  up  to  100 
m  to  the  south  during  the  study  period. 

The  large  downdrift  swash  bar  increased  in  area  of  nearly  200  m^ 
and  is  likely  a  function  of  sediment  input  associated  with  the  migration 
of  the  downdrift  channel  margin  linear  bar.  Sediment  increases  to  this 
swash  bar  also  increases  sediment  input  to  the  slipface,  thus  resulting  in 
the  present  onshore  migration. 
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Figure  61 .  Location  and  size  of  sand  bodies  at  0.30  m  (1.0')  below  mean 
low  water  as  determined  from  pace  and  brunton  mapping.  Note  the 
increase  in  size  of  channel  margin  linear  bars  during  the  4  month  period 
28  April,  1990  -  21  August,  1990  and  the  landward  migration  of  swash 
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Figure  63.  Ebb-oriented  scour  megaripples  on  distal  portion  of  downdrift 
channel  margin  linear  bar.  Photograph  taken  following  spring  tidal 
range  of  3.57  m.  Average  wavelength  and  height  of  the  bedforms  is  2.75 
m  and  0.16  m,  respectively.  Pen  for  scale. 
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STOATIGRAPHY 

INTRODUCTION 

Although  niunerous  studies  have  addressed  ebb-tidal  delta 
processes  and  morphology,  few  field  studies  have  addressed  ebb-tidal 
delta  stratigraphy  with  the  exception  of  Nelligan  (1983),  Imperato  (1988) 
and  Sha  (1990).  Most  studies  of  ebb-tidal  delta  stratigraphy  are  based 
mainly  on  surficial  sedimentological  processes  and  near  surface 
sedimentary  structures  from  which  only  hypothetical  subsurface 
stratigraphic  models  are  proposed  (Kumar  and  Sanders,  1974;  Moslow, 
1977;  Barwis  and  Hayes,  1978;  and  Hubbard,  Oertel  and  Nummedal, 
1979).  Seismic  reflection  profiles  of  deltas  indicate  that  large  scale  ebb- 
tidal  delta  internal  stratification  is  dominated  by  large-scale  gently- 
dipping  seaward  and  landward-oriented  cut  and  fill  accretionary  beds 
associated  with  main  ebb  channel  migration,  marginal  flood  channel 
accretion  and  swash  bar  migration  (FitzGerald  and  Nummedal,  1977). 

The  detailed  stratigraphy  of  the  Essex  River  ebb-tidal  delta  has  been 
determined  for  the  upper  3.5  m.  A  stratigraphic  framework  for  the 
Essex  River  ebb-tidal  delta  below  3.5  m  is  difficult  to  determine  due  to 
shallow  core  penetration.  Only  4  cores  (Core  1,  5, 14,  and  19)  penetrated 
deeper  than  3.0  m  and  possibly  through  the  ebb-tidal  delta  sediments 
into  the  underlying  shoreface  deposits;  it  is  hard  to  distinguish  between 
the  two  imits  due  to  similarities  in  grain  size  and  bedding  structures. 
This  shallow  depth  of  the  cores  (average  depth  of  2.50  m)  usually  only 
penetrated  one  xmit  of  a  particular  facies.  Therefore,  it  was  difficult  to 
distinguish  between  and  correlate  different  units  of  the  delta.  In 
addition,  due  to  a  number  of  processes  occurring  at  a  given  locality, 
bedding  structures  as  preserved  in  cores  and  peels  may  not  necessarily 
indicate  dominance  of  the  process  at  that  locality.  For  instance,  both 
main  ebb  channel  and  marginal  flood  channel  tidal  currents  occur  at 
the  proximal  ends  of  the  channel  margin  linear  bars.  Core  11,  located 
adjacent  to  the  main  ebb  channel,  is  dominated  by  flood-oriented 
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bedforms  while  core  12,  located  adjacent  to  the  marginal  flood  channel, 
is  dominated  by  ebb-oriented  bedforms. 


GENERAL 


STRATIGRAPHY 

The  thickness  of  the  Essex  River  ebb-tidal  delta  ranges  from  3-5  m  at 
distal  portions  to  greater  than  10  m  at  proximal  portions  adjacent  to  the 
main  ebb  channel.  The  ebb-tidal  delta  sediments  are  imderlain  by 
shoreface  deposits  which  in  turn  are  underlain  by  diamict  (non-compact 
sandy  glacial  till)  (Rhodes,  1973).  Glaciomarine  deposits  are  absent 
under  Crane  Beach  but  do  underlie  the  15  m  thick  barrier  island 
deposits  of  Plum  Island  (Rhodes,  1973). 

The  dominant  processes  which  affect  the  overall  stratigraphic 
framework  of  the  Essex  River  ebb-tidal  delta  include: 

1)  main  ebb  channel  migration  and  associated  cut  and  fill 
accretionary  beds.  A  study  of  historical  aerial  photographs  (1943- 
1985)  indicates  migrations  of  the  distal  portion  of  the  main  ebb 
channel  of  up  to  700  m  as  measured  just  landward  of  the  terminal 
lobe; 

2)  abandoned  marginal  flood  channel  deposits  which  are  a  result  of 
infilling  of  the  marginal  flood  channel  by  fine-grained  organic 
material  and  micaeous  sediment  from  the  backbarrier,  and 
landward  migrating  swash  bars  and; 

3)  migration  of  swash  bars  which  coalesce  with  distal  channel 
margin  linear  bars  and  migrate  into  abandoned  marginal  flood 
channel  environments. 

This  has  also  been  sugested  in  studies  of  other  ebb-tidal  deltas  by 
FitzGerald  and  Nummedal  (1977)  and  Nelligan  (1983). 
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NEAR  SURFACE  STRATIGRAPHY 

Near  surface  depositional  environments  were  defined  primarily  by 
surfidal  bedforms  and  associated  subsurface  bedding  structures  (cf. 
Harms  et  al.,  1979).  Bedform  measurements  and  trench  excavations  on 
intertidal  sand  bodies  at  Essex  River  Inlet  show  that  the  near  surface 
stratigraphy  of  the  Essex  River  ebb-tidal  delta  is  dominated  by  landward- 
oriented  cross  beds  (Table  15Xcf.  Hayes,  1980).  This  dominance  of 
landward-oriented  bedforms  is  explained  by  wave  swash  enhancing 
flood-tidal  currents  but  retarding  ebb-tidal  currents.  In  addition,  ebb 
currents  through  the  main  ebb  channel  are  confined  during  lower  tidal 
stages  due  to  the  exposure  of  flanking  channel  margin  linear  bars  (cf. 
FitzGerald,  1976, 1982).  However,  ebb-oriented  bedforms  are  present  on 
the  channel  margin  linear  bars  adjacent  to  the  main  ebb  channel. 

Bedform  measurements  were  taken  throughout  the  delta  following 
both  extreme  tidal  conditions  (tidal  range  of  4.0  m  on  28  April,  1990)  and 
extreme  wave  conditions  (following  four  days  of  10-20  knot  east  to 
northeast  winds  associated  with  a  storm  on  25  May,  1990)(Figures  64 
and  65).  During  extreme  tidal  conditions,  the  majority  of  bedforms  are 
oriented  in  a  seaward  direction  associated  with  main  ebb  channel  ebb 
currents.  During  extreme  wave  conditions,  the  majority  of  bedforms  are 
landward-oriented.  Thus,  bedform  orientation  and  resulting  sediment 
transport  is  highly  dependent  upon  tidal  versus  wave  influences. 

Figure  66  shows  final  sediment  transport  directions  as  determined  from 
bedform  measurements,  and  direction  and  dip  of  bedding  in  trenches. 

Additional  information  defining  near  surface  environments  include 
unit  thickness,  grain  size,  structures  such  as  graded  bedding,  and 
sedimenteiy  deposits  such  as  shell  or  coarse  sediment  lags  and  storm 
deposits  as  preserved  in  trenches,  cores  and  peels.  Fining-upward 
sequences  and  basal  channel  lags  of  medium-coarse  sand  to  very  fine 
gravel  are  found  throughout  the  ebb-tidal  delta.  Channel  lags  were 
noted  both  in  cores  and  at  the  inlet  throat  as  determined  from  sediment 
sampling.  These  lags  were  found  in  both  the  main  ebb  and  marginal 
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L0C5AT10N  DATE  OF  BEDFORMTYPE  AVERAGE  MEAN  MEAN 

MEASUREMENT  ORIENTATION  WAVELENGTH  HEIGHT 


(True  Mi 

(rri) 

(trt 

SPIT 

09  Mar.  1990 

Linear  ripples 

N126W 

0.11 

0.02 

PLATFORM 

28  April  1990 

Ladderback  ripples 

S16E 

0.04 

0.01 

-Loc.  A 

Cuspate  megaripples 

Flood 

5.50 

0.36 

•Loc.  B 

Cuspate  megaripples 

Ebb 

3.00 

0.19 

■LonC 

Cusoate  megaripples 

Ebb 

?50 

0.17 

UPDRIFT 

02  Aug.  1989 

Linear  sandwaves 

Flood 

7.00 

0.37 

CHAN.  MARG 

Linear  megaripples 

Flood 

5.00 

0.27 

LINEAR  BAR 

28  April  1990 

Linear  sandwaves 

Flood 

8.00 

0.40 

(PROXIMAL) 

24  June  1990 

Cuspate  megaripples 

Flood 

4.21 

0.27 

(MARG  FLD, 

22  July  1990 

Linear  sandwave 

Flood 

7.70 

0.12 

CHANSIDB 

10  Aug.  1990 

Unear  sandwave 

Florid 

7.20 

0.34 

UPDRIFT 

02  Aug  1989 

Cuspate  megaripples 

Ebb 

4.31 

0.20 

CMLB 

28  April  1990 

Linear  sandwaves 

Ebb 

8.00 

0.40 

(PROXIMAL) 

24  June  1990 

Cuspate  megaripples 

Ebb 

4.56 

0.32 

(MAIN  EBB 

Ladderback  ripples 

N14E 

0.05 

0.02 

CHAN.  SIDE) 

22  July  1990 

Linear  megaripples 
Cuspate/  linear  ripples 

Ebb 

N56W 

1.60 

0.18 

0.12 

0.02 

10  Aug.  1990 

Cusoate  meoariooles 

Ebb 

5.30 

0.29 

UPDRIFT 

29  May  1989 

Plane  beds 

CMLB 

Linear  sandwaves 

S96E 

(STAKE  5) 

22  June  1989 

Plane  beds 

Linear  sandwaves 

S34E 

— 

— 

19  July  1989 

Plane  beds 

Unear  sandwaves 

S46E 

— 

— 

UPDRIFT 

29  May  1989 

Plane  beds 

CMLB 

Linear  sandwaves 

S96E 

_ 

(STAKE  6) 

22  June  1989 

Plane  beds 

Linear  sandwaves 

S22E 

— 

— 

19  July  1989 

Plane  beds 

— 

— 

02  Aug  1989 

Plane  beds 
linear  sandwaves 

S60E 

— 

— 

UPDRIFT 

29  May  1989 

Plane  beds 

CMLB 

Linear  sandwaves 

S46E 

(STAKE  3) 

22  June  1989 

Plane  beds 

Linear  sandwaves 

S34E 

— 

— 

Table  15 .  Bedform  measurements  at  specific  environments.  See  Figure 
16  for  noted  stake  locations  and  Figure  64  for  specific  locations  (A,B,C) 
on  spit  platform.  Wavelength  and  height  of  sand  waves  in  some  areas 
could  not  be  measured  as  bedform  trains  were  not  present. 
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LCX^ATION 

DATE  OF 

BEDFORM7YPE 

AVERAGE 

MEAN 

MEAN 

MEASUREMEKrr 

ORIENTATION 

WAVELENGTH  HEIGHT 

(m) 

(m) 

UPDRIFT 

19  July  1989 

Plane  beds 

CMLB 

Linear  sandwaves 

S34E 

_ 

(STAKE  3) 

02  Aug  1989 

Plane  beds 

— 

— 

— 

(cont.) 

Linear  sandwaves 

S34E 

— 

09  Mar.  1990 

Plane  beds 

— 

_ 

— 

Current  lineations 

towards  MEC 

— 

„ 

Linear  sandwaves 

— 

— 

27  April  1990 

Plane  beds 

— 

— 

Current  lineations 

NW-SE 

— 

— 

25  May  1990 

Plane  beds 

— 

— 

Current  Lineations 

N05E 

— 

_ 

Cuspate  megaripples 

Ebb 

2.30 

0.15 

22  July  1990 

Plane  beds 

— 

— 

— 

Linear  sandwaves 

N76W 

10.50 

0.30 

10  Aug  1990 

Plane  beds 

— 

— 

Linear  sandwaves 

N76W 

10.00 

0.30 

Cuspate  megaripples 

Ebb 

2.00 

0.13 

Linear  ripples 

N80W 

0.05 

0.02 

Linear  redes 

__N61  W 

0.10 

0.03 

UPDRIFT 

09  Mar  1990 

Linear  sandwaves 

S06W 

30.00 

0.11 

CMLB 

(washed  out) 

(STAKE  10) 

Cuspate  ripples 

N125W 

0.13 

0.02 

27  April  1990 

Linear  sandwaves 

N61  W-Ebb 

10.00 

0.30 

Cuspate  megaripples 

N40W 

4.05 

0.17 

Linear  Ripples 

N125W 

0.06 

0.01 

25  May  1990 

Cuspate  megaripples 

Ebb 

5.60 

0.21 

Linear  megaripples 

N136W 

0.08 

0.02 

24  June  1990 

Cuspate  megaripples 

Ebb 

1.00 

0.10 

Ripples 

N106W 

0.06 

0.01 

(wave-generated) 

22  July  1990 

Plane  beds 

— 

— 

— 

Current  lineations 

NW-SE 

— 

Ripples 

N91  W 

0.09 

0.02 

(wave  generated) 

10  August  1990 

Plane  beds 

— 

— 

— 

Ripples 

N106W 

0.08 

0.01 

(wave  generated) 

DOWNDRIFT 

02  Aug  1989 

Cuspate  megaripples 

Ebb 

3.40 

0.18 

CMLB 

09  Mar  1990 

Cuspate  sandwaves 

Ebb 

27.00 

0.15 

(PROXIMAL) 

Cuspate  ripples 

S16E 

0.15 

0.03 

27  April  1990 

Cuspate  megaripples 

Ebb 

6.50 

0.27 

25  May  1990 

Cuspate  megaripples 

Ebb 

3.75 

0.23 

Linear  ripples 

S26E 

0.12 

0.03 

24  June  1990 

Cuspate  megaripples 

Ebb 

3.20 

0.16 

Ripples  (ladderback) 

N14E 

0.07 

0.01 

22  July  1990 

Cuspate  megaripples 

Ebb 

2.36 

0.18 

Ripples  (ladderback) 

N04E 

0.05 

0.01 

10  Aug  1990 

Cuspate  megaripples 

Ebb 

— 

— 
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LCXJATION 

DATE  OF 

BEDFORMTYPE 

AVERAGE 

MEAN 

MEAN 

MEASUREMENT 

ORIENTATION 

WAVELENGTH  HEIGHT 

tm) 

(m) 

DOWNDRIFT 

22  June  1989 

Plane  beds 

CMLB 

Linear  sandwaves 

S31  E 

— 

— 

(STAKE  1) 

07  July  1989 

Plane  beds 

— 

— 

— 

Linear  sandwaves 

S34E 

— 

— 

17  July  1989 

Plane  beds 

— 

— 

— 

Linear  sandwaves 

S26E 

— • 

— 

02  Aug.  1989 

Plane  beds 

— 

— 

— 

Linear  sandwaves 

S46E 

— 

— 

04  May  1990 

Plane  beds 

— 

— 

— 

Linear  sandwaves 

S21  E 

— 

— 

22  July  1990 

Plane  beds 

— 

— 

— 

Unear  sandwaves 

S31E 

__ 

__ 

DOWNDRIFT 

29  May  1989 

Plane  beds 

CMLB 

Unear  sandwaves 

S21  E 

— 

— 

(STAKE  2) 

22  June  1989 

Plane  beds 

— 

— 

— 

Unear  sandwaves 

— 

— 

— 

07  July  1989 

Plane  beds 

— 

— 

— 

Unear  sandwaves 

— 

— 

— 

19  July  1989 

Plane  beds 

— 

— 

— 

Unear  sandwaves 

— 

— 

— 

02  Aug.  1989 

Plane  beds 

— 

— 

— 

Unear  sandwaves 

— 

— 

04  May  1990 

Plane  beds 

— 

— 

— 

Unear  sandwaves 

DOWNDRIFT 

26  May  1990 

Cuspate  megaripples 

Ebb 

2.75 

0.16 

CMLB 

Unear  ripples 

S14W 

0.06 

0.01 

(DISTAL) 

10  Aug  1990 

Cuspate  megaripples 

Ebb 

1.85 

0.11 

Linear  liDDtes 

S14W 

0.09 

0.02 

DOWNDRIFT 

09  Mar  1990 

Cuspate  ripples 

N49E 

0.08 

0.01 

CMLB 

27  April  1990 

Cuspate  m^aripples 

Ebb 

2.00 

0.15 

DISTAL 

25  May  1990 

Plane  beds 

— 

— 

— 

SWASH 

Current  lineations 

S45W 

— 

— 

BAR 

Cuspate  megaripples 

Ebb 

1.80 

0.08 

(STAKE  9) 

Ripples 

S40W 

0.10 

0.03 

(wave  generated) 

24  June1990 

Cuspate  megaripples 

Ebb 

1.00 

0.08 

22  July  1990 

Cuspate  megaripples 

Ebb 

0.76 

0.10 

(washed  out) 

Linear  ripples 

N84E 

0.10 

0.02 

UPDRIFT 

09  Mar.  1990 

Plane  beds 

SWASH 

Ripples 

N136W 

0.10 

0.01 

(STAKE  11) 

(wave  generated) 

24  April  1990 

Plane  bed 

— 

— 

— 

Ripples 

N136W 

0.08 

0.01 

(wave  generated) 
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LOCATION 

DATE  OF 
MEASUREMENT 

BEDFORMTYPE 

AVERAGE 

ORIENTATION 

fTmeNt 

MEAN  MEAN 

WAVELENGTH  HEIGHT 
_ (Dai _ M 

UPDRIFT 

04  May  1990 

Plane  beds 

_ 

_ 

SWASH 

Ripples 

N136W 

0.08 

0.01 

(STAKE  11) 
(cont.) 

25  May  1990 

(wave  generated) 
Plane  bed 

— 

— — 

24  June  1990 

Ripples 

(wave  generated) 
Plane  beds 

N136W 

0.07 

0.01 

22  July  1990 

Ripples 

(wave  generated) 
Plane  beds 

N66W 

0.11 

0.03 

Ripples 

N74E 

0.09 

0.01 

(wayeoeneratedi 


DOWNDRIFT  09  Mar.  1990 

Plane  bed 

— 

— 

— 

SWASH 

Ripples 

N141  W 

0.16 

0.01 

(STAKE  8) 

(wave  generated) 

24  April  1990 

Plane  bed 

Current  lineatlons 

N123W 

^  ,  -  - 

Ripples 

(wave  generated) 

N141  W 

0.15 

0.02 

03  May  1990 

Plane  beds 

— 

— 

— 

Ripples 

(wave  generated) 

N141  W 

0.16 

0.01 

25  May  1990 

Plane  beds 

— 

— 

— 

Current  Uneations 

S50W 

— 

— 

Cuspate  megaripples 
(washed  out) 

S37W 

2.55 

0.11 

24  June  1990 

Plane  beds 

— 

— 

— 

Ripples 

(wave  generated) 

N36E 

0.11 

0.02 

Ladderback  ripples 

S06E 

0.03 

0.01 

Ill 


COFFINS 

BEACH 


EXTENT  OF  BEACH  AND 
OFFSHORE  BARS  WITH 
RESPECT  TO  MLW  ON 
21  AUGUST  1990 


*•"  Cuspate  meganpples 
Linear  megaripples 
♦— 1  Sandwaves 
—  Current  Lineations 
AAA  Bar  slipface 


Figure  64 .  Bedform  measurements  taken  at  low  tide  on  28  April,  1990 
following  extreme  tidal  conditions  (ebb  tidal  range  of  4.0  m).  Letters  on 
spit  platform  note  the  location  of  bedform  measurement  stations  as 
mentioned  in  Table  15  . 
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Figure  65 .  Bedform  measurements  taken  at  low  tide  on  25  May,  1990 
following  four  days  of  strong  northeast  winds  associated  with  a  low 
pressure  system  to  the  south. 
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Figure  66 .  Direction  of  sediment  transport  as  determined  from  bedform 
measurements  and  dip  angle  and  direction  of  bedding  in  trenches. 
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flood  channels  at  varying  depths  and  are  coarser  and  more  frequent  in 
the  marginal  flood  channel  environment.  Storm  deposits,  which  are 
signified  by  steeply  dipping  beds  with  fining-upward  sequences,  are 
foimd  occasionally  in  cores  but  are  similar  to  fining-upward  sequences 
in  channels  which  result  from  decreasing  tidal  current  velocities  (cf. 
Sha,  1989). 

These  parameters  have  enabled  wave  versus  tide-dominated 
environments  to  be  differentiated.  Although  exceptions  do  occur,  wave- 
dominated  environments  are  characterized  by  planar  horizontal  and 
high-angle  landward-oriented  unidirectional  cross-bedding.  Sediments 
tend  to  be  fine-grained  and  well  to  very  well-sorted.  Tide-dominated 
environments  are  characterized  by  both  trough  and  planar  high-angle 
bidirectional  cross-bedding.  Sediments  of  the  tide-dominated 
environments  tend  to  be  slightly  coarser-grained  then  those  of  wave- 
dominated  environments  but  have  similar  sorting  characteristics. 


SEDIMENTARY  FACIES 

Six  environments  of  the  Essex  River  ebb-tidal  delta  have  been 
defined:  1)  spit  platform;  2)  main  ebb  channel;  3)  marginal  flood 
channel;  4)  swash  platform  channel;  5)  swash  bar  and;  6)  channel 
margin  linear  bar  (Figure  67).  Each  environment  has  characteristic 
features  which  differentiate  it  from  other  environments. 


1.  SPIT  PLATFORM 

The  spit  platform  at  the  southeast  end  of  Crane  Beach  is  dominated 
by  ebb-oriented  cuspate  megaripples  near  the  throat  (locations  B  and 
C)(Table  15,  Figure  64).  Flood-oriented  cuspate  megaripples  dominate 
the  region  nearer  to  the  marginal  flood  channel  (location  A).  Away 
from  the  influence  of  tidal  currents  of  the  inlet,  a  trench  of  a  migrating 


Figure  67.  Sedimentary  environments  of  the  Essex  River  ebb-tidal  delta. 
Numbers  correspond  to  specific  environments:  1)  Spit  Platform;  2)  Main 
Ebb  Channel;  3)  Margined  Flood  Channel;  4)  Swash  Platform  Channel;  5) 
Swash  Bar  and;  6)  Channel  Margin  Linear  Bar. 
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ridge  of  a  ridge  and  runnel  system  indicates  landward  transport  of  sand 
on  Crane  Beach  (Trench  2  of  Figure  68). 


2.  MAIN  EBB  CHANNEL 

The  large-scale  framework  of  main  ebb  channel  facies  is  dominated 
by  cut  and  fill  accretionary  beds  associated  with  main  ebb  channel 
migration  (Figure  69).  The  smaller  scale  internal  stratification  of  the 
active  main  ebb  channel  facies  is  dominated  by  bedding  structures 
associated  with  bedform  migration  and  includes  deep  and  shallow  main 
ebb  channel  deposits.  The  deep  main  ebb  channel  deposits  are 
characterized  by  medium  to  coarse  sand  with  large-scale  seaward- 
oriented  trough  cross-bedding  produced  by  ebb-oriented  megaripples 
migrating  over  sandwaves.  Overlying  this  unit  are  the  shallow  main 
ebb  channel  deposits  which  include  fine  to  medium  sands  with  smaller 
scale  bidirectional  trough  and  planar  cross-bedding.  Numerous 
reactivation  surfaces  are  present  in  both  deposits  (Barwis  and  Hayes, 
1978;  Hubbard  et  al.,  1979;  and  Sha,  1990). 

Characteristics  of  the  main  ebb  channel  facies  are  inferred  from 
subtidal  bedforms  and  sedimentary  structures  in  Cores  12, 16,  25  and  26. 
Figure  20  illustrates  the  location  of  cores  and  Appendix  C  shows 
stratigraphic  columns  of  the  cores. 

Core  12  is  most  representative  of  sedimentary  structures  associated 
with  the  active  main  ebb  channel  facies.  The  majority  of  this  2.0  m  deep 
core  is  dominated  by  low-angle  ebb-oriented  trough  cross-bedding  and 
bidirectional  low-angle  trough  cross-bedding.  Reactivation  surfaces 
separate  these  units  from  smaller  scale  flood-oriented  high-angle 
trough  cross-bedding  associated  with  tidal  reversals.  Note  also  the  0.25 
m  thick  fining-upward  sequence  from  coarse  sand  with  fine  pebbles  at 
base  to  medium  sand. 

Further  classification  of  the  active  main  ebb  channel  environment  is 
based  on  sedimentary  structures  in  peels.  Peel  1  of  Core  12  (1.04  m-1.56 
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Figure  68 .  Trench  #2  cut  through  a  migrating  ridge  of  a  ridge  and 
runnel  system  on  Crane  beach.  Land  is  to  the  right.  Note  the  high-angle 
(18°  -  33°)  landward-oriented  cross-beds  becoming  tangential  at  top  and 
truncated  at  bottom  by  nearly  horizontal  bedding  surfaces.  The  bar  is 
composed  of  fine  sand  with  layer  of  medium  sand  as  indicated.  Figure  18 
shows  location  of  trench. 
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m)  (Figure  70)  exhibits  high-angle  trough  and  planar  (32°)  ebb-oriented 
bedding  (1.37  m-1.52  m)  and  a  coarse  sand  unit  with  flood-dominated 
bidirectional  planar  cross-bedding  (1.10  m-1.27  m).  This  unit  probably 
represents  migrating  flood-oriented  megaripples  associated  with  a  high- 
energy  storm  event  overlying  migrating  ebb-oriented  sandwaves  in  the 
main  ebb  channel.  Numerous  reactivation  surfaces  occur  throughout 
the  peel. 

A  facies  model  of  the  Essex  River  ebb-tidal  delta  active  main  ebb 
channel  includes  the  following  imits  in  ascending  order; 

1)  Basal  channel  lag  of  medium  to  coarse-grained  sand  (1  cm-3  cm 
thick); 

2)  Active  main  ebb  channel  deposits  of  medium-grained  sand  with 
high-angle  bidirectional  trough  cross-bedding  with  dominant 
offshore  orientation  due  to  ebb-tidal  currents.  Fining-upward 
sequences  and  numerous  reactivation  surfaces  are  present.  Some 
units  of  medium  to  coarse  sand  associated  with  high  energy 
events  are  also  present.  Little  to  no  shell  matter  is  present. 

(2  m  thick); 

3)  Main  ebb  channel  fill  unit  of  reworked  channel  margin  linear  bar 
and  swash  bar  sands  which  have  migrated  into  the  sides  of  the 
main  ebb  channel  (3  m  thick). 


3.  MARGINAL  FLOOD  CHANNEL 

Characteristics  of  the  marginal  flood  channel  facies  have  been 
determined  from  subtidal  bedforms  and  sedimentary  structures  in 
Cores  7,  8,  11, 14  and  23.  Sedimentary  structures  for  both  marginal  flood 
channels  are  similar,  although  the  downdrift  marginal  flood  channel 
has  a  stronger  ebb-tidal  component. 

The  marginal  flood  channel  facias  can  be  divided  into  the  active 
marginal  flood  channel  fill  and  abandoned  marginal  flood  channel  fill, 
both  of  which  are  present  in  Core  8.  The  active  marginal  flood  channel 
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unit  from  1.07-2.40  m  is  dominated  by  flood-oriented,  high-angle  planar 
cross-bedding  and  flood-dominated  bidirectional  low-angle  planar  cross¬ 
bedding.  Layers  of  coarse  sand,  occasional  fine  gravel  and  shell  matter, 
and  two  fining-upward  sequences  from  fine-medium  to  coarse  sand 
demonstrate  the  strong  tidal  currents  which  occur  in  this  environment. 
Overlying  this  unit  from  1.06  m  to  the  surface  is  a  thick  structureless 
unit  of  fine  sand  with  occasional  organic  wood  and  mica  which  is 
characteristic  of  the  abandoned  marginal  flood  channel  unit.  A  coarse 
sand  layer  separates  the  active  and  abandoned  marginal  flood  channel 
units  signifying  a  high  energy  event. 

Structures  of  the  active  marginal  flood  channel  facies  are  also  seen 
in  Core  14  (1.22  m-3.65  m)  which  ip  dominated  by  low-angle  flood- 
oriented  planar  and  bidirectional  cross-bedding  and  has  a  0.50  m  thick 
fining-upward  sequence  of  fine  to  coarse  sand  with  a  layer  of  coarse 
pebbles  at  the  base.  Both  cores  8  and  14  have  numerous  reactivation 
surfaces. 

Peel  2  of  Core  8  (1.90  m-2.25  m)  (Figure  71)  demonstrates  the 
dominance  of  flood  currents  in  the  marginal  flood  channel  as  is 
indicated  by  high-angle  flood-oriented  planar  cross-bedding  intersperced 
with  some  trough  cross-bedding.  The  peel  is  composed  of  fine  sand  with 
occasional  layers  of  coarse  sand  from  2.11  m-2.14  m.  The  angles  of  dip  of 
cross-beds  are  4°  from  1.90  m-1.94  m  and  20°  from  1.94  m-2.20  m. 

Bedding  is  planar  except  for  trough  from  2.10  m-2.17  m  which  coincides 
with  a  coarse  sand  layer. 

Peel  3  of  Core  11  (1.82  m-2.24  m)(Figure  72)  also  demonstrates  the 
flood  dominance  of  cun’ents  of  the  marginal  flood  channel.  Note  the 
dominance  of  high-angle  flood-oriented  planar  and  trough  cross¬ 
bedding  and  associated  numerous  reactivation  surfaces,  and  the  coarse 
sand  layer  from  1.82  m-1.85  m.  Some  of  the  dip  angles  of  the  beds  in  this 
peel  exceed  50°  which  may  be  partially  explained  by  the  disturbance  of 
sediments  during  core  penetration. 

Peel  4  of  Core  11  (2.50  m-2,95  m)(Figure  73)  is  only  25  cm  deeper  than 
Peel  3.  However,  this  peel  shows  a  dominant  seaward-orientation  of 
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Figure  71.  Peel  2  of  Core  8  (1.90  m-2.25  m)  showing  dominant  flood- 
oriented  bedding  horizons  of  marginal  flood  channel  environment. 
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Figure  72 .  Peel  3  of  Core  11  (1.82  m-2.24  m)  demonstrating  characteristic  internal 
stratification  bedding  horizons  of  the  marginal  flood  channel  environment. 


ONSHORE 


-clip»24'’ 


-dip*5° 

-dip»3» 


-dip.  15° 


.dip-22° 


Figure  73.  Peel  4  of  Core  11  (2.50  m-2.95  m)  with  characteristic  bedding 
horizons  of  the  marginal  flood  channel  environment. 
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cross  bedding  and  is  finer-grained  than  Peel  3  except  for  a  layer  of 
coarse  sand  fi*om  2.77  m-2.79  m.  Layers  of  mica  from  2.89  m-2.92  m  and 
overlying  fine-grained  low-angle  ebb-oriented  cross-beds  from  2.82  m- 
2.86  m  are  indicative  of  an  abandoned  marginal  fiood  channel  deposit. 
Unconformably  overlying  this  deposit  is  a  unit  of  flood-oriented  low- 
angle  trough  cross-bedding  indicating  active  marginal  fiood  channel 
deposits.  Dip  angles  of  these  deposits  range  from  22°~24°  at  the  top  and 
bottom  of  the  sequence  to  3®-5®  in  the  middle  of  the  sequence.  Although 
the  marginal  flood  channel  environment  is  dominated  by  flood  currents, 
this  peel  indicates  that  this  environment  does  have  seaward-migrating 
bedforms  during  some  stages  of  the  tidal  cycle. 

At  Essex  River  ebb-tidai  delta,  a  complete  marginal  flood  channel 
facies  model  is  composed  of  the  following  units  from  bottom  to  top: 

1)  Shoreface  deposits; 

2)  Basal  channel  lag  consisting  of  shell  matter  and  coarse  sand  to 
fine  gravel  (1  cm-3  cm); 

3)  Active  marginal  flood  channel  fill  unit  (thickness  of 
approximately  2  m)  of  fine  to  medium  sand  with  low-angle  flood- 
dominated  bidirectional  planar  and  trough  cross-bedding.  This 
bidirectionality  is  due  to  migration  of  megaripples  during 
dominant  flood-tidal  phases  and  subsequent  modification  during 
subordinate  ebb  cycles.  Reactivation  surfaces  are  common. 
Occasional  layers  of  coarse  sand/fine  gravel  in  fining-upward 
sequences  occur  and  are  associated  with  high  energy  events. 
These  coarse  layers  are  coarser  and  more  frequent  than  those 
associated  with  the  main  ebb  channel.  Shell  matter  is  limited. 
Mica  is  also  present  and  is  believed  to  be  a  result  of  ebb  currents 
carrying  fine-grained  material  seaward  from  the  backbarrier 
and; 

4)  Abandoned  marginal  flood  channel  unit  of  fine-grained 
structureless  sand  sheets  with  abundant  mica  and  organic 
matter  (wood  pieces)  (2.5  m). 
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4.  SWASH  PLATFORM  CHANNEL 

Characteristic  features  of  the  swash  platform  channel  facies  are 
inferred  from  subtidal  bedforms  and  revealed  in  the  sedimentary 
structures  of  Cores  9  and  15,  both  of  which  are  located  on  the  edges  of  the 
swash  platform  channel  on  channel  margin  linear  bar  and  swash  bar 
margins. 

The  3.0  m  deep  Core  15  and  1.6  m  deep  Core  9  include  fine  sand  with 
horizontal  planar  and  high-angle  planar  cross-bedding  oriented 
onshore  with  numerous  reactivation  surfaces.  Core  15  also  shows  a 
predominance  of  seaward-oriented  cross-bedding,  which  is  likely 
associated  with  strong  ebb  currents  during  spring  tidal  events.  The 
bidirectional  nature  of  currents  in  this  environment  is  demonstrated  by 
three  units  of  Core  15: 1)  the  bottommost  unit  from  2.50  m-2.78  m  of  fine 
sand  with  horizontal  to  low-angle  landward-oriented  planar  and  trough 
cross-bedding  with  organic  and  micaceous  sand;  2)  the  1.77  m-1.87  m 
unit  of  fine-grained  landward-oriented  high-angle  cross-bedding  and;  3) 
the  1.42  m-1.60  m  imit  of  seaward-oriented  high-angle  planar  cross¬ 
bedding. 

Peel  5  of  core  15  (2.50  m-2.75  m)(Figure  74),  is  believed  to  be 
representative  of  deposits  from  either  the  active  or  abandoned  swash 
platform  channel  facies  and  shows  the  bidirectional  transport  of  sand 
occurring  in  this  environment.  The  flood-oriented  bedding  associated 
with  wave-enhanced  flood-tidal  currents  is  demonstrated  by  the  fine¬ 
grained  onshore-oriented  planar  to  trough  cross-bedding  from  2.75  m- 
2.78  m.  The  fine-grained  horizontal  planar  beds  from  2.50  m-2.55  m  are 
associated  with  wave  swash.  The  presence  of  ebb  currents  are  shown  by 
the  overall  seaward-oriented  nature  of  the  peel  as  well  as  units  of 
micaceous  sand  at  2.56  m-2.62  m.  The  unit  from  2.65  m-  2.69  m  has 
mica  but  is  composed  primarily  of  steeply-dipping  coarse  sand  beds  (22°) 
deposited  by  ebb  currents  during  spring  tidal  conditions. 


Figure  74 ,  Peel  5  of  Core  15  (2.50  m-2.78  m)  demonstrating  internal 
stratification  associated  with  the  swash  platform  channel. 
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Although  this  peel  indicates  that  seaward  forces  are  dominant  in 
this  environment,  bedding  structures  of  other  peels  and  cores  indicate 
that  flood-dominant  forces  mostly  control  bedding  horizons  at  this 
environment. 

In  summarizing,  since  this  environment  is  influenced  by  wave¬ 
generated  flood-tidal  and  ebb-tidal  currents,  a  variety  of  sedimentary 
structures  are  produced  which  include:  1)  bidirectional  trough  cross¬ 
bedding  with  dominant  high-angle  flood-oriented  planar  cross-bedding 
and  planar  horizontal  bedding;  2)  numerous  reactivation  surfaces  as 
dominant  flood-tidal  currents  are  interrupted  by  either  ebb-tidal 
currents  and  associated  erosion  or  slack  currents;  3)  fine-grained 
nature  of  sediments  (very  fine  to  fine  sand)  and;  4)  deposition  wood 
matter  and  mica.  There  is  no  indication  of  any  fining-upward 
sequences  in  this  environment. 

A  complete  swash  platform  channel  facies  model  consists  of  these 
imits  in  ascending  order: 

1)  Shoreface  deposits; 

2)  Active  swash  platform  channel  deposits  of  fine  sand  with 
dominantly  flood-oriented  planar  and  trough  cross-bedding  with 
numerous  reactivation  surfaces.  Some  micaceous  sand  is 

also  present  (1  m); 

3)  Channel  fill  deposits  of  fine  to  medium  sand  associated  with  the 
growth  and  input  of  sediment  from  the  adjoining  channel  margin 
linear  bar  and  (2  m); 

4)  Abandoned  swash  platform  channel  deposits  of  fine  sand  with 
horizontal  planar  to  low-angle  landward-oriented  cross-bedding, 
and  homogeneous,  massive  sheets  of  sand  all  of  which  are 
associated  with  wave  actmty.  Significant  interbedded  layers 

of  wood  matter  and  mica  deposited  during  the  ebb-tidal  stage 
are  present  (1  m). 


5.  SWASH  BAR 
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Characteristics  of  the  swash  bar  facies  have  been  determined 
from  analysis  of  intertidal  bedforms  and  sedimentary  structures  of 
Cores  3, 4, 10, 13, 18, 19, 21  and  22  which  were  taken  on  both  updrift  and 
downdrift  swash  bar  complexes  as  well  as  on  wave-dominated  distal 
channel  margin  linear  bar  environments.  Bedforms  on  both  the  updrift 
(stake  11  from  Table  15)  and  downdrift  (stake  8)  swash  bars  are 
dominated  by  plane  beds  and  wave-generated  ripples.  The  landward 
transport  of  sediment  at  the  downdrift  swash  bar  produces  the  low-angle 
dominant  landward-oriented  cross  bedding  as  seen  in  Trench  6  (Figure 
75).  Deposition  of  sediment  during  storm  events  is  demonstrated  in  this 
trench  by  high-angle  (22°-34°)  landward-oriented  cross-beds  (cf.  Sha, 
1989). 

Two  types  of  sedimentary  structures  associated  with  the  swash 
bar  facies  as  preserved  in  cores  3, 4, 13, 18  and  22  are  noted.  Core  3 
shows  high-angle  landward-oriented  planar  cross-beds  with  numerous 
reactivation  surfaces  associated  with  migration  of  the  landward 
slipface,  and  horizontal  planar  beds  associated  with  vertical  accretion 
plane  bed  deposition.  Only  one  0.50  m  unit  (2.15  m-2.65  m)  of 
bidirectional  planar  cross-bedding  deviates  from  this  dominant 
landward-oriented  bedding.  Core  4  also  shows  this  dominant  landward 
orientation  of  bedding.  Core  22  shows  a  conformable  sequence  of  high- 
angle  landward-oriented  planar  beds  of  the  slipface  directly  overlain  by 
low-angle  landward  oriented  cross-beds  associated  with  vertical 
accretion  deposits  (1.38  m-1.98  m).  Core  13  shows  low-angle  seaward- 
oriented  planar  beds  associated  with  vertical  accretion  interbedded  by 
units  of  high-angle  landward-oriented  planar  beds  associated  with 
slipface  migration. 

Two  storm  deposit  layers  (0.93  m-1.20  m  and  1.30  m-1.55  m)  of  core 
18  are  indicated  by:  1)  a  fining-upward  sequence  of  coarse  to  fine  sand 
with  low-angle  bidirectional  trough  cross-bedding  and;  2)  an  overlying 
unit  of  medium  to  coarse  sand  with  occasional  fine  pebble  clast  and  shell 
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matter  with  landward-oriented  low-angle  planar  cross  bedding.  Core  19 
also  contains  two  consecutive  fining-upward  sequences. 

Two  peels  show  the  two  major  processes  associated  with  swash  bar 
migration.  Peel  6  of  Core  3  (2.60  m-2.88  m)  (Figure  76)  show  high-angle 
landward-oriented  cross-beds  associated  with  the  slipface  of  the  swash 
bar.  Note  the  numerous  high-angle  planes  of  dip  (l®-25“)  and  the 
numerous  reactivation  surfaces. 

Peel  7  of  Core  19  (2.44  m-2.87  m)  (Figure  77)  shows  fine  sand  with 
horizontal  planar  beds  and  homogeneous,  massive  sand  sheets 
associated  with  vertical  accretion.  Two  medium  sand  units  occur,  one 
of  which  has  landward-oriented  planar  cross-beds  which  dip  at  an  angle 
of  15°  (2.54  m-2.58  m).  This  unit  is  most  likely  associated  with  onshore 
migration  of  a  smaller  swash  bar  atop  the  swash  complex.  Note  that  the 
structureless  sand  unit  lies  directly  above  this  unit.  Bedding  horizons  of 
this  peel  appear  to  be  convex  (regard  fine  grained  sediment  layer  at  2.65 
m)  which  is  due  to  disturbance  of  sediments  during  core  penetration. 

In  summary,  the  near  surface  stratigraphy  of  the  swash  bar  facies 
include  high-angle  planar  landward-dipping  cross-beds  associated  with 
slipface  migration,  and  horizontal  to  low-angle  planar  seaward-dipping 
cross-beds  and  homogeneous,  massive,  structureless  deposits  associated 
with  vertical  accretion  on  the  swash  bar  surface  (cf.  FitzGerald,  1976 
and  Nelligan,  1983).  Planar  and  trough  seaward-oriented  bidirectional 
cross-bedding  is  also  present  and  is  most  likely  a  function  of  ebb 
currents  of  the  main  ebb  and  marginal  flood  channels.  Other 
characteristic  features  of  the  swash  bar  facies  include:  1)  numerous 
reactivation  surfaces;  2)  the  lack  of  subsurface  records  of  ripples  as  they 
are  washed  out  by  plane  beds;  3)  well-sorted  fine  sand  and;  4)  layers  of 
medium-coarse  sand  and  shell  matter  associated  with  fining-upward 
sequences  of  storm  deposits. 

A  complete  swash  bar  facies  includes  the  following  units  in 
ascending  order: 

1)  Shoreface  deposits; 


Figure  76.  Peel  6  of  Core  3  (2.60  m-2.81  m)  showing  landward-oriented 
high-angle  cross-bedding  of  migrating  slipface  of  swash  bar. 
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2)  Landward-oriented  high-angle  planar  cross-bedding  composed  of 
fine  sand  associated  with  the  landward  migrating  swash  bar 
slipface.  Numerous  reactivation  surfaces  are  present  (1.0  m-1.5 
m); 

3)  Vertical  accretion  unit  of  fine  sand  with  planar  horizontal  to  low- 
angle  seaward-oriented  cross-bedding  and  massive  homogeneous 
sand  sheets  (C.5  m-1.0  m). 


6.  CHANNEL  MARGIN  LINEAR  BAR 

The  channel  margin  linear  bar  facies  have  been  determined  from 
analysis  of  intertidal  bedforms  and  sedimentary  structures  preserved  in 
Cores  1, 2, 5, 6, 17, 20, 24. 

The  sedimentary  structures  of  this  environment  are  dominated  by 
landward-oriented  bedding  but  vary  depending  upon  the  interaction  of 
main  ebb  channel  ebb-tidal  currents  and  wave-enhanced  flood-tidal 
currents.  The  majority  of  bedforms  on  the  interior  portions  of  the 
channel  margin  linear  bar  environment  are  plane  beds  with  current 
lineations  associated  with  wave  activity,  and  ripples.  This  dominance  of 
landward-oriented  currents  is  demonstrated  by  the  high-angle  (14°-24°) 
landward-dipping  cross-bedding  of  the  landward-oriented  slipface  of  the 
updrift  channel  margin  linear  bar  (Trench  1  of  Figure  78). 

On  the  extreme  ends  of  the  updrift  channel  margin  linear  bar, 
megaripple  and  sand  wave  trains  are  the  dominant  tjqpe  of  bedform  (cf. 
FitzGerald,  1976  and  Hubbard,  1977)  but  differ  with  respect  to  orientation 
and  dimensions  at  proximal  versus  distal  channel  margin  linear  bar 
locations.  Therefore,  this  environment  is  divided  into  two 
subenvironments. 

Surficial  bedforms  of  the  proximal  channel  margin  linear  bar 
environment  include  both  ebb  and  flood-oriented  megaripples  and 
sandwpves  (Figure  79,  80),  These  bedforms  are  dominantly  flood- 
oriented  due  to  wave-generated  flood-tidal  currents  through  the 
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Figiire  78 .  Trench  #1  located  on  northwest  side  of  updrift  channel 
margin  linear  bar.  Land  is  to  the  right.  Note  the  landward-oriented 
cross-bedding  which  is  a  result  of  landward-oriented  wave  activity. 
Figure  18  shows  the  location  of  all  trenches. 
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Figure  79.  Ebb-oriented  sandwaves  on  the  proximal  updrift  channel 
margin  linear  bar  formed  by  ebb-tidal  currents.  The  average  wavelength 
and  height  of  these  bedforms  are  8.0  m  and  0.40  m,  respectively.  The 
scale  is  10  cm. 
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Figure  80.  Flood-oriented  sandwaves  at  the  proximal  updrift  channel 
margin  linear  bar  formed  by  flood-tidal  currents.  The  average  wavelenth 
and  height  of  these  bedforms  are  8.0  m  and  0.40  m,  respectively.  The 
scale  is  10  cm. 
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marginal  flood  channel.  Although  ebb-tidal  currents  do  affect  this 
environment,  the  majority  of  ebb-tidal  currents  and  the  maximiun  ebb- 
tidal  currents  occur  when  this  environment  is  exposed.  Therefore,  this 
environment  is  flood-dominated. 

Trenches  reveal  the  near  surface  stratigraphy  of  both  flood  and  ebb- 
oriented  sand  waves.  A  flood-oriented  sandwave  located  adjacent  to  the 
marginal  flood  channel  shows  low-angle  (7“-12°)  landward-oriented 
cross-bedding  tnmcated  by  high-angle  (10®-31®)  landward-oriented 
cross-bedding  (Trench  3  of  Figure  81).  The  internal  stratification  of  a 
ebb-oriented  sand  wave  located  adjacent  to  the  main  ebb  channel  is 
dominantly  landward-oriented  (dip  of  10°-30®)  although  the  surficial 
outline  of  the  bedform  is  ebb-oriented  (Trench  4  of  Figure  82).  This 
indicates  an  overall  landward  transport  of  sediment. 

Landward-oriented  bidirectional  bedforms  also  dominate  the 
proximal  downdrift  channel  margin  linear  bar.  The  near  surface 
stratigraphy  of  cores  and  trenches  also  indicate  that  the  proximal 
channel  margin  linear  bar  environment  is  dominated  by  landward- 
oriented  bidirectional  high-angle  trough  and  planar  cross-bedding.  For 
instance,  low-angle  (7°-13°)  landward-oriented  cross-bedding  dominates 
Trench  5  (Figure  83).  Other  charactexdstic  features  of  this  environment 
include  numerous  reactivation  surfaces  and  fining-upward  sequences 
but  no  subsurface  signature  of  ripples  as  they  tend  to  be  washed  out  by 
plane  beds.  Due  to  stability  of  the  main  ebb  channel  at  proximal  channel 
margin  linear  bar  environments,  there  is  an  absence  of  main  ebb 
channel  cut  and  fill  deposits. 

The  proximal  channel  margin  linear  bar  facies  includes  the 
following  units  in  ascending  order: 

1)  Main  ebb  channel  active  channel  deposits  (2  m); 

2)  Interfingering  deposit  between:  a)  active  main  ebb  channel  and 
active  marginal  flood  channel  deposits  which  wash  over  the 
channel  margin  linear  bar  environment  at  higher  tidal  stages 
and;  b)  wave  swash  deposits  of  homogeneous,  massive  sand 
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4 — FLOOD 


Figure  81 .  Trench  #3  dissecting  a  flood-oriented  bedform  on  the  proximal 
updrift  channel  margin  linear  bar  near  the  marginal  flood  channel.  Note 
low  angle  (7°-12°)  landward-oriented  cross-bedding  truncated  by  high- 
angle  (24°-31®)  landward-oriented  cross-bedding. 
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EBB"  ■->  375cm  V.E.  2:1 

Figure  82.  Trench  #4  located  adjacent  to  trench  #3  on  the  proximal  updrift  channel  margin  linear 
bar  near  the  main  ebb  channel.  Note  the  overall  ebb  orientation  of  the  bedform.  However,  dominant 
internal  features  indicate  flood-oriented  cross-bedding  with  numerous  truncation  of  beds  and 
reactivation  surfaces. 


Figure  83.  Trench  #5  located  at  the  main  ebb  channel  scour  slipface  on 
the  northwest  side  of  the  proximal  downdrift  channel  margin  linear  bar 
Note  the  dominant  dip  of  low-angle  crossbeds  to  the  right  towards  the 
main  ebb  channel.  These  beds  formed  from  the  transport  of  sediment  by 
flood-tidal  currents  over  the  channel  margin  linear  bar  and  into  the 
main  ebb  channel. 
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sheets  and  horizontal  planar  to  low-angle  landward-oriented 
cross-beds  associated  with  vertical  accretion  (2  m). 

The  distal  channel  margin  linear  bar  facies  has  been  determined  by 
analysis  of  intertidal  bedforms  and  cores.  Distally,  the  channel  margin 
Unear  bar  is  dominated  by  plane  beds  and  current  lineations  associated 
with  wave-generated  flood-tidal  currents,  and  ebb-oriented  cuspate 
megaripples  associated  with  spillover  lobe  deposits  and  the  expansion  of 
the  ebb  jet  during  late  ebb  stage  periods  (Figure  63). 

Horizontal  planar  and  landward-oriented  bidirectional  low-angle 
planar  cross-beds  of  Cores  6, 17  and  20  support  the  bidirectional  natime 
of  bedforms.  Cores  6  and  17  are  dominated  by  landward-oriented 
bidirectional  planar  cross-bedding,  while  Core  20  is  dominated  by 
seaward-oriented  planar  and  trough  cross-bedding. 

Two  peels  of  these  cores  are  presented  in  Figure  84  and  85.  Peel  8  of 
Core  6  (1.80  m-2.24  m)  indicates  vertical  accretion  associated  with  wave¬ 
generated  flood-tidal  currents  and  planar  cross-beds  associated  with 
migrating  ebb-oriented  megaripples.  Landward-oriented  currents  are 
demonstrated  by  two  units  of  landward-oriented  high-angle  (15°-20®) 
planar  cross-beds  from  1.94  m-2.00  m  and  2.18  m-2.24  m.  Seaward- 
oriented  low-angle  (7°-10'’)  planar  and  trough  cross-beds  are 
demonstrated  in  units  from  1.80  m-1.85  m  and  2.10  m-2.18  m.  Note  also 
the  bidirectional  cross-bedding  from  1.85  m-1.94  m  and  from  2.00  m-2.10 
m  and  associated  numerous  reactivation  surfaces.  Dips  of  these 
bidirectional  cross-beds  range  from  7®- 10°.  The  sediment  is  fine-grained 
throughout  the  sequence. 

Peel  9  of  Core  17  (1.07  m-1.50  m)  shows  high-angle  seaward-oriented 
trough  cross-bedding  from  ebb-tidal  currents  (dip  of  15°-20°)(1.40  m-1.50 
m)  and  two  interbedded  sets  of  landward-oriented  wave-enhanced  flood- 
tidal  planar  cross-bedding  wdth  dips  of  10°-12°  and  25°-30°  (1.07  m-1.28 
m).  The  high-angle  seaward-dominated  bidirectional  cross-bedding 
(1.28  m-1.40  m)  is  noteworthy  as  it  is  composed  of  coarse  sand  and 
therefore  represents  a  high  energy  tidal  event. 
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Figure  85 .  Peel  9  of  Core  17  (1.07  in-1.50  m)  showing  characteristic  internal  stratification  of  the  distal 
channel  margin  linear  bar  environment. 
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A  distal  channel  margin  linear  bar  facies  is  composed  of  the 
following  deposits  in  ascending  order: 

1)  Main  ebb  channel  active  channel  deposits  (2  m); 

2)  Main  ebb  channel  cut  and  fill  deposits  associated  with 
channel  migrations  (3  m); 

3)  Seaward-oriented  low-angle  trough  to  planar  cross-beds 
associated  with  spillover  lobe  deposits  and  expansion  of  the  ebb  jet 
during  higher  phases  of  tides  (1  m); 

4)  Active  swash  bar  deposits  (0.5  m-1.0  m). 
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DISCUSSION 

SEDIMENT  TRANSPORT 

PROCESSES  AND  PATHWAYS 

Inlet  sediment  bypassing  is  the  process  whereby  sediment  from  the 
updrift  side  of  the  Essex  River  Inlet  shoreline  is  transported  to  the 
downdrift  side.  Three  methods  of  inlet  sediment  bypassing  are  described 
by  Bruim  and  Gerritsen  (1959):  1)  through  the  transport  of  sand  in 
channels  by  tidal  currents;  2)  by  the  migration  of  tidal  channels  and  sand 
bars  and;  3)  through  wave-induced  sand  transport  along  the  terminal 
lobe.  FitzGerald  (1982)  has  indicated  that  sediment  bypassing  at  non¬ 
migrating  tide-dominated  mixed  energy  tidal  inlets  occurs  through 
stable  inlet  processes.  Essex  River  Inlet,  which  has  a  stable  inlet  throat 
and  proximal  main  ebb  channel,  is  dominated  by  stable  inlet  processes. 
Although  all  three  methods  of  inlet  sediment  bypassing  are  operative,  the 
primary  means  at  the  Essex  River  Inlet  is  sand  transport  in  channels  by 
tidal  currents,  and  the  migration  of  tidal  channels  and  sand  bars.  The 
volume  of  sediment  transport  is  dependent  upon:  1)  the  velocity  and 
duration  of  ebb  and  flood-tidal  currents  through  the  main  ebb  and 
marginal  flood  channels  and  associated  inlet  throat  tidal  prism  and;  2) 
the  sediment-water  interface  surface  area  of  the  inlet  throat  (cf.  Bruun, 
1966). 

Transport  pathways  by  inlet  sediment  bypassing  at  the  Essex  River 
Inlet  are  dominated  by  two  sediment  transport  gyres  for  both  updrift  and 
downdrift  portions  (Figure  86).  These  gyres,  whose  sediment  is  first 
introduced  to  updrift  portions  of  the  delta  by  southerly  longshore 
transport  currents,  transport  sediment  through  the  marginal  flood 
channel  and  over  the  channel  margin  linear  bar  into  the  main  ebb 
channel,  seaward  through  sandwave  migration  in  the  main  ebb  channel 
and  subsequently  back  onshore  through  swash  processes  along  the 


Figure  86  .  Sediment  transport  gyres  associated  with  both  updrift  and 
downdrift  portions  of  the  delta.  Note  different  arrow  types  to  denote  wave 
or  tide-generated  sediment  transportation. 
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terminal  lobe.  The  updrift  counterclockwise  gyre  is  completed  as  small, 
ephemeral  swash  bars  migrate  landward  eventually  attaching  to  Crane 
Beach  in  indiscrete  packages. 

In  the  downdrift  clockwise  gyre,  sediment  transported  to  the  south 
along  the  terminal  lobe  by  longshore  currents  is  augmented  by  sediment 
moving  out  the  main  ebb  channel.  Southerly  migrations  of  the  main  ebb 
channel  also  contribute  sediment  thus  resulting  in  the  growth  of  the 
large  downdrift  swash  platform.  Associated  swash  bars  migrate 
landward  and  ultimately  weld  to  Coffins  Beach  in  discrete  events.  Wave 
refraction  around  this  bar  produces  a  transport  reversal  thereby 
reintroducing  sand  into  the  main  ebb  channel.  Sand  is  also  transported 
downdrift  of  the  delta  to  more  southerly  portions  of  Coffins  Beach. 


POTENTIAL  TRANSPORT  RATES 

Potential  sediment  transport  at  the  inlet  was  determined  by  utilizing 
Maddock's  equation  (1969)  which  states  that  the  total  bedload  sediment 
transport  rate  is  equal  to  the  cube  of  the  maximum  current  velocity: 

Load  (in  m^/sec)  =  15.244  V^/1600 

Suspended  load  is  not  accounted  for  in  this  equation  and  is 
considered  to  be  negligible  at  Essex  River  Inlet  because  the  channel  is 
floored  by  medium  to  coarse  sand  with  little  or  no  fine-^graind  sand. 

Using  the  velocity  as  determined  from  the  regression  curve  for 
maximum  current  velocity  versus  tidal  range  (Figure  33),  during  mean 
tidal  conditions,  a  potential  sediment  transport  rate  of  7.5  x  10^  m^/year 
is  exchanged  tnrough  the  inlet  (Figure  87).  At  these  tidal  conditions, 
since  maximum  flood  and  ebb  current  velocities  are  equal,  there  will  be 
no  net  sediment  transport  in  or  out  of  the  inlet.  However,  at  spring  tidal 
ranges  the  regression  curve  indicates  that  the  inlet  throat  is  ebb- 
dominant.  Since  the  strongest  currents  through  the  inlet  occur  during 


from  Maddock's  equation  (1969)  using  current  measurements  from 
hydrographies  and  the  swash  process  study.  Longshore  transport  rate 
150,000  m^/  year.  All  figures  in  m^/year. 


150 


spring  tidal  conditions  and  sediment  transport  is  a  factor  of  the 
maximmn  velocity,  there  exists  a  net  seaward  transport  of  sediment 
through  the  inlet  throat  on  a  yearly  basis. 

Potential  sediment  transport  rates  were  also  calculated  for  locations 
in  the  main  ebb  channel  seaward  of  the  inlet  throat  and  for  both 
marginal  flood  channels.  Distally,  sediment  transport  rates  through  the 
main  ebb  channel  decrease  to  4.43  x  10^  m^/year  and  2.84  x  10^  m^/year 
(Figure  87).  This  decrease  results  from  an  expansion  of  the  ebb  jet  and 
an  increase  in  the  cross  section  of  the  channel.  Sediment  rates  for  the 
updrift  and  downdrift  marginal  flood  channels  are  1.76  x  10®  m^/year 
and  9.42  xlO^  m^/  year,  respectively.  Thus,  the  updrift  marginal  flood 
channel  introduces  8.23  x  10^  more  sediment  per  year  into  the  main 
ebb  channel  than  does  the  downdrift  marginal  flood  channel.  This  is  due 
to  the  greater  input  of  sediment  as  well  as  the  more  flood-dominant 
nature  of  the  updrift  marginal  flood  channel. 

Net  bedload  transport  rates  for  each  swash  bar  were  determined  by 
multiplying  the  distance  the  slipface  has  migrated  over  a  yearly  period  of 
each  bar  by  the  bar  length  and  thickness.  Migration  rates  of  the  updrift 
and  downdrift  swash  bars  were  2.80  x  10^  m^/year  and  8.30  x  10^ 
m3/year,  respectively  (Figure  87). 

However,  several  errors  may  be  associated  with  determination  of 
potential  sediment  transport  rates.  First,  the  equation  utilized  by 
Maddock  (1969)  was  original’  '■  ’'‘'i^ed  for  fluvial  environments  and 
therefore  is  only  a  qualitath  ation  of  sediment  transport  in  a 
marine  environment  such  as  tl^e  Essex  River  Inlet.  These  sediment 
transport  rates  through  channels  represent  potential  maximum  rates. 
Conversely,  rates  of  bar  migration  are  minimal  estimates  of  sediment 
transport  rates  as  some  of  the  sediment  may  have  been  transported  by 
longshore  transport  currents  and  therefore  would  not  be  calculated  as 
part  of  the  migrating  swash  bar.  This  is  demonstrated  in  Figure  87 
where  sediment  transport  rates  associated  with  swash  bar  migration  are 
much  lower  than  the  rates  associated  with  sediment  transport  through 
channels.  Note  in  particular  the  downdrift  swash  bar  where  8.30  x 
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m^/year  of  sediment  is  added  into  the  downdrift  marginal  flood  channel 
through  swash  bar  migration.  This  figure  is  substantially  less  than  the 
2.36  X  10^  m^/year  which  is  transported  through  the  marginal  flood 
channel  into  the  main  ebb  channel.  A  second  indication  of  these  unequal 
rates  is  that  net  potential  sediment  transport  through  both  marginal 
flood  channels  of  2.70  x  10®  m^/year  is  substantially  less  than  the  7.51  x 
10®  m®/year  transported  through  the  inlet  throat.  This  difference  of  4.80 
X  10®  m3/year  is  not  totally  explained  by  the  flood-tidal  transport  of 
sediment  over  the  channel  margin  linear  bar  into  the  main  ebb  channel. 


VOLUMETRIC  CHANGES 

A  comparison  between  field  data  and  historical  aerial  photographs 
indicate  that  the  Essex  River  ebb-tidal  delta  undergoes  volumetric 
changes.  These  changes  are  a  direct  result  of  the  processes  previously 
discussed  including  inlet  sediment  bypassing,  the  longshore  transport  of 
sediment  into  the  inlet  and  the  sediment  transport  gyres. 

These  volumetric  changes  are  explained  by  a  bar  migration  model 
for  a  South  Carolina  Inlet  (FitzGerald,  1984)  (Figure  88).  In  applying  this 
model  to  the  Essex  River  Inlet,  the  ebb-tidal  delta  undergoes  a  5-7  year 
cycle  of  volume  changes  of  15%-20%.  The  model  is  divided  into  four 
stages. 

The  first  stage  in  this  ebb-tidal  delta  cycle  occurs  after  the  bars  have 
welded  to  both  Crane  and  Coffins  Beaches.  At  this  time,  the  sediment 
volume  of  the  delta  is  small  and  no  offshore  bars  exist  to  protect  beaches 
from  wave  activity.  Thus,  wave  activity  and  swash  processes  on  Crane 
Beach  transport  sediment  to  the  delta  through  longshore  transport 
processes. 

Stage  2  is  characterized  by  increases  in  delta  sediment  volume,  and 
formation,  growth  and  onshore  migration  of  swash  bars,  some  of  which 
coalesce  with  channel  margin  linear  bars.  In  this  stage,  little  sediment 
is  being  added  to  landward  beaches,  resulting  in  their  overall  decrease  in 


152 


STAGE  2 

Bar  Complex  Formation  and 
Ebb-Tidal  Delta  Sand  Trapping 


STAGE  3  STAGE  4 

Bar  Complex  Welding  and  Inlet  Shoreline  Retreat  - 

Inlet  Sediment  Bypassing  Small  Ebb-Tidal  Delta  Volume 


Figure  88.  Model  of  onshore  migration  of  bar  complexes  and  attachment 
to  Crane  and  Coffins  Beaches.  Stage  1  and  2  are  growth  stages  where 
swash  bars  form  and  coalesce  into  large  bar  complexes  resulting  in 
increases  in  volume  of  the  channel  margin  linear  bars  and  entire  ebb- 
tidal  delta.  At  this  time,  waves  refracting  aroimd  the  bars  cause  a 
transport  reversal  along  the  downdrift  shoreline,  which  serves  to  trap 
most  of  the  sediment  entering  in  the  vicinity  of  the  inlet.  After  the  bars 
weld  to  the  landward  beaches  (stage  3),  shoaling  and  reformed  waves 
break  along  the  downdrift  inlet  shoreline  and  transport  sediment  away 
from  the  inlet.  This  process  results  in  erosion  of  the  downdrift  shoreline 
and  a  release  of  sediment  to  the  shoreline  downdrift  of  the  delta  (stage  4) 
(after  FitzGerald,  1984). 
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volume.  A  transport  reversal  at  downdrift  portions  of  the  delta  occurs 
due  to  wave  refraction  around  the  downdrift  offshore  swash  bar.  The 
increased  ebb-tidal  delta  sediment  volume  will  be  maintained  as  long  as 
the  sediment  transport  reversal  and  related  recirculation  of  sediment 
through  the  ebb-tidal  delta  system  exist.  The  Essex  River  ebb-tidal  delta 
is  presently  in  this  stage. 

The  third  stage  occurs  as  landward  migrating  swash  bars  attach  to 
both  Crane  and  Coffins  Beach.  The  longshore  sediment  transport 
reversal  is  disrupted,  thus  leaving  inlet  sediment  bypassing  as  the  only 
contributor  of  sediment  to  the  delta.  The  delta  now  has  a  small  volume 
and  is  mostly  subtidal,  thus  resulting  in  greater  wave  energy  expended  to 
the  beaches. 

The  fourth  stage  is  a  period  of  shoreline  retreat  as  sediment  from 
Crane  and  Coffins  Beach  is  eroded  do  to  wave  activity.  The  volume  of  the 
delta  is  still  small.  This  cycle  then  repeats  itself. 

Three  lines  of  evidence  support  this  bar  migration  model.  First,  the 
areal  changes  of  intertidal  offshore  sand  bodies  have  a  direct  correlation 
to  volumetric  changes  of  beaches.  Table  16  demonstrates  that  during  the 
14  month  period  (June,  1989-August,  1990),  as  offshore  sand  bodies 
increased  in  area,  the  beach  sediment  volume  decreased.  Secondly, 
overall  intertidal  sand  body  area  has  increased  substantially  over  the  14 
month  study  period  (Figure  61).  This  increase  in  area  is  interpreted  as 
resulting  from  processes  similar  to  stage  2  of  the  bar  migration  model. 

The  third  and  most  supportive  piece  of  evidence  are  the  morphologic 
changes  to  the  ebb-tidal  delta  over  a  42  year  period  associated  with  a 
historical  study  of  nine  series  of  aerial  photographs  (1943-1985)  (Figure 
89)(Table  17).  Shoreline  changes  were  also  determined  from  four 
nautical  charts  (1855-1985)(Figure  90). 

The  major  morphologic  features  of  the  ebb-tidal  delta  considered 
during  this  historical  study  include:  1)  changes  in  sediment  volume  of 
the  entire  ebb-tidal  delta  as  well  as  area  of  intertidal  sand  bodies  (channel 
margin  linear  bar  and  swash  bar);  2)  stability  of  the  inlet  throat  and 
proximal  main  ebb  channel  with  slight  migrations  at  distal  portions;  3) 
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LOCATION 

August  (June),  1989- 
Auoust.  1990 

uedbiee 

Updrift  Channel 

Margin  Linear  Bar 

Increase  789 

Cranes  Beach 

Decrease  188  m^/m 

DQWNDRIFT 

Downdrift  Channel 

Margin  Linear  Bar 

Decrease  2  m2 

Downdrift 

Swash  Bar 

Increase  198  m2 

Coffins  Beach 

Decrease  118  m^/m 

Table  16 .  Changes  in  sediment  volume  for  Crane  and  Coffins  Beach 
and  in  area  for  intertidal  offshore  sand  bodies.  Figures  are  indicative  of 
trends  m  sediment  accretion/erosion. 


Figure  89 .  Morphologic  changes  to  Essex  River  ebb-tidal  delta  as 
determined  from  vertical  aerid  photographs.  Note  the  stability  of  the 
inlet  throat,  migration  of  outer  main  ebb  channel  and  overall  accretion  of 
both  Crane  Beach  and  Coffins  Beach  during  the  study  period. 
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STABILIZED  BEACH  AND  DUNE  RIDGES 
MARSH 

SUBTIDAL  SAND  BODIES 


IIP  n< I ERTIDAL SAND  BODIES 


ACCRETIONARY  PHASES  OF 
BEACH  RIDGE  DEVELOPMENT 


0  500  1000  m 
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MARGINAL  ELOODa 

MAIN  EBB  CHANNEL  SWASH  KATPORMC 
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Figure  90 .  Historic  ehoreline  changes  of  Crane  Beach  and  Coffins  Beach 
as  determined  from  four  different  coastal  charts.  Extent  of  beach  is 
measuied  at  MLW.  Noticeable  changes  during  this  129  year  study 
include  fluctuations  of  beach  width  up  to  120  m  on  Crane  Beach  and  60  ni 
on  Coffins  Beach  rmd  spit  elongation  on  the  southern  end  of  Crane 
Beach.  *,?  ote  dissection  line  on  Crane  B^ach  utilized  to  determine  the 
change  in  area  of  the  spit). 
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development  (scour  characteristics  and  width)  of  the  marginal  flood 
channel  and  swash  platform  channel;  4)  migration  and  attachment  of 
swash  bars  to  both  updrift  and  downdrift  beaches  and;  5)  increases  in 
beach  and  spit  platform  volume. 

During  the  42  year  historical  aerial  photograph  study,  the  inlet 
throat  and  proximal  main  ebb  channel  have  been  stable  and  have 
maintained  an  approximate  shore  normal  orientation  due  to  bedrock 
control  at  Twopenny  Loaf  on  Coflins  Beach,  and  tidal  dominance  of  the 
channel.  However,  between  1943  and  1977,  a  clockwise  downdrift 
migration  of  the  main  ebb  channel  of  25°  has  reoriented  the  channel  from 
a  northeasterly  to  a  more  easterly  configuration  (Figure  89).  The 
seawaid  extent  of  the  main  ebb  channel  (1.22  km  +/-  0.05  km)  has  not 
fluctuated  greatly  during  the  42  year  historical  aerial  photograph  study 
except  in  1943  when  the  seaward  extent  of  the  channel  was  1.47  km. 

Both  of  the  channel  margin  linear  bars  have  undergone 
considerable  changes  over  the  historical  aerial  photograph  study  which 
is  due  in  part  to  changes  in  the  orientation  of  the  distal  main  ebb 
channel,  but  primarily  to  changes  in  sediment  input  and  resulting 
volume  of  the  ebb-tidal  delta.  For  instance,  in  1978  the  small  channel 
margin  linear  bar  size  reflects  the  small  ebb-tidal  delta  volume.  In 
addition,  a  more  downdrift  configuration  of  the  main  ebb  channel 
resulted  in  the  depletion  and  downdrift  migration  of  sediment  from  the 
distal  downdrift  channel  margin  linear  bar  (refer  to  the  1978  diagram  of 
Figure  89,  Table  17  and  Figure  62).  Conversely,  in  1965  and  1972,  the 
channel  margin  linear  bars  were  larger  in  size  which  correlates  to  the 
greater  ebb-tidal  delta  volume.  In  additic  i,  location  and  size  of  channel 
margin  linear  bar  intertidal  area  changed  with  respect  to  the  stage  of  the 
bar  migration  model.  For  instance,  in  1965  the  greatest  channel  margin 
linear  bar  intertidal  area  was  located  at  proximal  portions.  This 
correlates  well  with  sediment  maximums  at  proximal  locations 
associated  with  the  bar  migration  model  (midway  between  Stages  2  and  3 
of  Figure  88). 
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Extent  of  downdrifl  channel  margin  linear  bar  size  and  marginal 
flood  channel  development  (scouring  characteristics  and  width)  are 
primarily  responsible  for  morphological  changes  to  the  swash  platform 
channel.  For  example,  a  well-developed  distal  downdrift  marginal  flood 
channel  indicates  tliat  the  majority  of  the  tidal  currents  to  the  downdrift 
portions  of  the  delta  flow  through  the  distal  marginal  flood  channel. 
Therefore,  less  tidal  currents  and  less  scouring  will  occur  in  the  swash 
platform  channel.  Examples  of  this  correlation  are  shown  in  the 
diagrams  of  1943, 1952, 1977, 1978, 1979  and  1985  (Figure  89). 

Landward  migration  and  attachment  of  swash  bars  to  beaches  have 
occurred  periodically  over  the  42  year  historical  aerial  photograph  study. 
The  ultimate  attachment  of  these  landward  migrating  swash  bars  to 
Coffins  Beach  occurs  in  dis  ite  events  while  attachment  of  migrating 
swash  bars  to  Crane  Beach  is  less  obvious.  Two  other  characteristics  of 
swash  bar  morphology  are:  1)  swash  bar  size  and;  2)  downdrift  extent  of 
the  entire  downdrift  swash  bar  complex.  The  usual  downdrift  extent  of 
this  swash  bar  complex  is  0.77  km  +/-  0.16  km  as  measured  from  a  line 
drawn  in  a  shore-normal  orientation  from  Twopenny  Loaf.  However,  in 
1978  the  bar  complex  had  a  downdrift  extent  of  1.40  km.  Both  of  these 
morphological  characteristics  are  dependent  upon  the  size  of  the  ebb- 
tidal  delta. 

Both  Crane  and  Coffins  Beach  have  increased  in  width  during  the 
130  year  historical  shoreline  change  study  (1855-1985)  by  120  m  and  60  m, 
respectively  (Figure  90).  This  increase  in  width  is  due  to  accretionary 
phases  of  beach  ridge  development  which  is  primaiily  a  result  of  the 
attachment  of  landward  migrating  swash  bar  complexes  to  the  beach 
(Figure  89)(Table  17). 

Significant  increases  in  the  volume  of  the  southern  end  of  Crane 
Beach  have  also  occurred  through  spit  accretion.  From  1855  to  1984,  this 
spit  has  increased  from  3.70  x  10'^  m3  to  2.43  x  10^  m3  (volume  at  MLW), 
an  increase  of  6.5  times  its  original  volume  (Figure  90).  This  spit 
accretion  has  narrowed  and  deepened  the  inlet  throat.  However,  it  is 
assumed  that  the  cross  sectional  area  of  the  inlet  throat  has  not  changed 
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due  to  similar  tidal  range  and  associated  tidal  prism  throughout  the  time 
period. 

Successive  stages  of  the  bar  migration  model  are  demonstrated  in 
diagrams  of  the  first  three  photographs  (1943, 1952  and  1960).  It  is 
important  to  note  that  these  three  photographs  do  not  depict  consecutive 
stages  of  the  bar  migration  model  as  this  17  year  period  is  much  longer 
than  the  estimated  average  5-7  year  bar  migration  cycle  that  occurs  at 
Essex  River  Inlet. 

The  1943  photograph,  indicative  of  Stage  1,  depicts  a  small  ebb-tidal 
delta  volume  where  channel  margin  linear  bar  volume  is  small,  the 
majority  of  intertidal  swash  bars  are  offshore  and  no  distinct 
accretionary  phases  of  beach  ridge  development  occur. 

Stage  2  of  the  bar  migration  model  is  depicted  in  the  1952  photograph 
which  shows  an  increase  in  ebb-tidal  delta  sediment  volume  and  channel 
margin  linear  bar  size  and  the  proximal  location  of  the  majority  of 
intertidal  offshore  sand  bodies. 

The  1960  photograph  is  indicative  of  Stage  3  as  offshore  sand  bodies 
continue  to  decrease  in  size  due  to  landward  migration  of  sediment 
through  swash  bar  migration  and  subsequent  attachment  to  the  beach. 
This  attachment  is  demonstrated  by  the  accretionary  phase  of  beach 
ridge  development  at  Coffins  Beach. 


STRATIGRAPHY 


An  overall  ebb-tidal  delta  stratigraphic  sequence  model  for  the 
Essex  River  ebb-tidal  delta  is  based  upon  comparison  of  general 
sedimentary  structures  recorded  at  the  inlet  with  additional  information 
from  other  studies  including  Moslow  (1977)  and  Barwis  and  Hayes  (1978) 
(Figure  91). 

The  thickness  of  the  sequence  is  based  upon  the  thickness  of  ebb- 
tidal  delta  sediments  (3-5  m  at  MSL)  and  scouring  depth  of  the  main  ebb 
and  marginal  flood  channels.  Despite  the  well  sorted  nature  of  the  entire 
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ebb-tidal  delta,  there  exists  a  fining-upward  sequence  with  increased 
sorting  through  the  column  which  is  a  fimction  of  the  less  tidal  and 
greater  wave  dominance  of  facies  up  the  sequence. 

At  the  base  of  the  sequence,  the  channel  lag  at  the  Essex  River  ebb- 
tidal  delta  is  not  well-developed  due  to  the  lack  of  a  coarse-grained  source- 
material.  The  main  ebb  channel  facief  is  characterized  by  large-scale 
channel  migration  cut  and  fill  accretionary  beds  uiid  smaller  scale  high- 
angle  ebb-dominated  bidirectional  cross-bedding.  Numerous  reactivation 
surfaces  are  present.  This  facies  is  the  thickest  and  the  most  preservable 
part  of  the  overall  ebb-tidal  delta  sequence  as  it  is  stratigraphically 
deepest  and  therefore  the  least  likely  to  be  reworked  (Barwis  and  Hayes, 
1978).  The  marginal  flood  channel  facies  is  characterised  by  flood- 
dominated  bidirectional  planar  and  trough  cross-bedding  associated  with 
flood-dominant  tidal  currents.  Numerous  reactivation  surfaces  occur 
throughout  this  facies. 

Wave-dominated  facies  of  the  ebb-tidal  delta  sequence  model  include 
the  shallow  channel  margin  linear  bar  facies  which  is  ephemeral 
compared  to  the  tide-dominated  facies  due  to  reworking  of  sediments  by 
swash  processes.  This  facies  is  characterized  by:  1)  landward-dominated 
bidirectional  trough  and  planar  cross-bedding  associated  with  wave- 
enhanced  flood-tidal  current 2)  horizontal  planar  beds  and  massive 
sand  sheets  associated  with  swash  processes  and;  3)  seaward-oriented 
low-angle  planar  ard  trough  cross-bedding  associated  with 
interfingering  spillover  lobe  deposits  and  expansion  of  the  ebb  jet.  The 
sequence  is  capped  by  the  swash  bar  facies,  which  also  tends  to  be 
reworked  by  wave  activity.  This  facies  is  characteiized  by  landward- 
oriented  high-angle  planar  cross-bedding  associated  with  slipface 
migration,  and  horizontal  to  low-angle  offshore -oriented  planar  cress- 
bedding  associated  with  vertical  accretion. 

The  stratigi  aphy  of  the  Essex  River  ebb-tidal  delta  can  further  be 
di\dded  into  updrift,  downdrift  and  distal  stratigraphic  sequences  whose 
characteristics  are  dependent  upon  diflerent  sedimentary  processes 
occurring  at  each  locality.  Three  major  processes  include:  1)  main  ebb 
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channel  migration  and  associated  cut  and  fill  accretionary  beds 
associated  with  migrations  of  the  distal  main  ebb  chamiel;  2)  abandoned 
marginal  flood  channel  accretion  and;  3)  swash  bar  migration. 

The  updrift  ebb-tidal  delta  stratigraphic  sequence  model  is 
dominated  by  main  ebb  channel  cut  and  fill  large-scale  gently  dipping 
accretionary  cross  beds  (Figure  92).  The  6  m  depth  of  this  column,  which 
scours  below  the  5  m  depth  of  the  ebb-tidal  delta  deposits,  is  a  result  of  the 
maximum  depth  of  main  ebb  channel  scouring  at  updrift  portions  of  the 
delta.  These  cut  and  fill  deposits  are  overlain  by  thin  channel  margin 
linear  bar  (1  m)  and  swash  bar  (Im)  facies,  both  of  which  are  domiiiated 
by  landward-oriented  cross-beds  associated  with  wave-augmented  flood- 
tidal  currents.  The  thickness  of  the  swash  bar  facies  is  dependent  upon 
the  scouring  depth  as  indicated  by  the  height  of  the  updrift  swash  bar 
slipface  (0.5-1.0  m).  Note  the  absence  of  marginal  flood  channel  facies  in 
this  sequence  as  the  updrift  marginal  flood  channel  is  stable. 

The  downdrift  ebb-tidal  delta  stratigraphic  sequence  model  (Figure 
93)  is  dominated  by  abandoned  marginal  flood  channel  and  swash  bar 
facies  due  to  the  landward  migration  of  the  large  downdrift  swash  bar 
into  the  marginal  flood  channel.  Note  the  absence  of  main  ebb  channel 
cut  and  fill  accretionary  beds  as  the  main  ebb  channel  does  not  migrate 
into  this  environment. 

The  thin  overall  thickness  of  this  sequence  (3.5  m)  is  dependent  upon 
migrations  and  associated  scouring  depth  of  the  downdrift  marginal 
flood  channel  which  is  a  function  of  position  and  size  of  the  landward 
migrating  swash  bar.  The  1.25  m  thick  abandoned  marginal  flood 
channel  deposits  are  composed  of  gently-dipping  large-scale  accretionary 
sand  wedges  associated  with  depo.sition  of  sediment  from  the  swash  bar 
and  downdrift  channel  margin  linear  bar  and  settling  of  fine-grained 
sediment  (including  mica  and  organic  (wood)  matter)  believed  to  be 
deposited  by  ebb-currents  from  the  backbarrier.  The  2  m  thick  swash  bar 
deposits  are  much  thicker  than  the  swash  bar  deposits  of  the  updrift 
swash  bar  due  to  the  greater  scouring  depth. 
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Figure  92 .  Stratigraphic  sequence  model  for  the  updrifl  portion  of  the 
Essex  River  ebb-tidal  delta.  Note  the  dominance  of  main  ebb  channel  cut 
and  fill  accretionary  beds  in  this  sequence. 
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Figure  98.  Stratigraphic  sequence  model  for  the  downdrifl  portion  of  the 
Essex  River  ebb-tidal  delta.  Note  the  dominance  of  swash  bar  deposits  in 
this  sequence. 
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The  distal  ebb-tidal  delta  stratigraphic  sequence  is  similar  to  the 
overall  ebb-tidal  delta  sequence  but  is  dominated  by  1.5  m  thick  main  ebb 
channel  cut  and  fill  accretionary  bed  deposits  (Figure  94).  This  facies 
overlies  tidally-derived  active  main  ebb  channel  deposits.  The  sequence 
is  floored  by  a  channel  lag.  Overlying  the  main  ebb  channel  cut  and  fill 
facies  are  wave-dominated  channel  margin  linear  bar  and  swash  bar 
deposits.  Sorting  characteristics  improve  slightly  in  wave-dominated 
units  as  does  the  greater  amoimt  of  shell  matter.  Note  the  slight  fining- 
upward  sequence  which  occurs  over  the  entire  column. 
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Figure  9i .  Stratigraphic  sequence  model  for  the  distal  portion  of  the 
Essex  River  ebb-tidal  delta.  Note  the  overall  fining-upward  sequence  over 
the  entire  5  m  column. 
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CONCLUSIONS 


1)  The  Essex  River  Inlet,  with  a  mean  tidal  range  of  2.7  m  and  a 
deepwater  wave  height  of  1.2  m  is  classified  as  a  mixed  energy,  tide- 
dominated  inlet  (cf.  Hayes,  1979).  The  stability  of  the  inlet  throat  and 

proximal  main  ebb  channel  is  due  to  the  presence  of  bedrock  at  Twopenny 

\ 

Loaf  on  Coffins  Beach.  Migrations  of  the  distal  main  ebb  channel  of  up  to 
700  m  over  a  42  year  period  (1943-1985)  are  the  result  of  the  southerly 
longshore  transport  system  and  sediment  input  into  the  system. 

2)  Inlet  sediment  bypassing  through  stable  inlet  processes  (cf.  FitzGerald, 
1984)  is  the  major  process  which  transports  sand  from  the  updrift  side  of 
the  Essex  River  Inlet  shoreline  to  the  downdrift  side.  Patterns  of  sediment 
transport  within  the  ebb-tidal  delta  are  dominated  by  gyres  for  both  updrift 
and  downdrift  portions  of  the  delta.  These  gyres,  whose  sediment  is  first 
introduced  to  updrift  portions  of  the  delta  by  southerly  longshore  currents, 
transport  sediment  through  the  marginal  flood  channel  and  over  the 
channel  margin  linear  bar  into  the  main  ebb  channel,  seaward  through 
sandwave  migration  in  the  main  ebb  channel  and  subsequently  back 
onshore  through  swash  processes  along  the  terminal  lobe  and  swash  bar 
migration.  The  updrift  counterclockwise  gyre  is  completed  as  small, 
ephemeral  swash  bars  migrate  landward  eventually  attaching  to  Crane 
Beach  in  indiscrete  packages.  These  swash  bars  have  slipfaces  on  the 
order  of  0.25-0.50  m  in  height  and  have  migrated  over  5  m/week  associated 
with  one  storm  event. 

In  the  downdrift  clockwise  gyre,  sediment  moving  out  the  main  ebb 
channel  is  added  to  sand  delivered  by  southerly  longshore  sediment 
transport  along  the  terminal  lobe.  Southerly  migrations  of  the  main  ebb 
channel  also  contribute  sediment  thus  resulting  in  the  growth  of  a  large 
downdrift  swash  bar.  This  swash  bar,  which  has  slipfaces  of  up  to  1.0  m 
in  height,  migrates  landward  70  m/year  and  ultimately  welds  to  Coffins 
Beach  in  discrete  welding  events.  Wave  refraction  around  this  bar 
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produces  a  transport  reversal  which  introduces  sand  back  into  the  main 
ebb  channel  and  downdrift  of  the  delta  to  more  southerly  portions  of 
Coffins  Beach. 

Ebb-tidal  delta  volumetric  changes  occur  in  a  5-7  year  cycle  where 
swash  bars  form,  migrate  and  attach  to  the  landward  beach.  These 
changes,  as  shown  in  a  bar  migration  model  (cf.  FitzGerald,  1984) 
demonstrate  that  the  ebb-tidal  delta  volume  is  directly  related  to  the  size 
and  position  of  the  swash  bars  and  holds  an  inversely  proportional 
relationship  to  beach  sediment  volume. 

3)  Current  patterns  and  subtidal  bedforms  at  the  Essex  River  Inlet 
suggest  that  the  inlet  throat  and  the  main  ebb  channel  are  dominated  by 
ebb-tidal  currents.  The  inlet  throat  has  maximum  velocities  of  1.0  m/s  for 
mean  tidal  ranges  and  ebb-oriented  sandwaves  with  wavelengths  up  to  40 
m  and  waveheights  up  to  2  m.  The  marginal  flood  channels  are 
dominated  by  flood-tidal  currents  as  maximum  flood  currents  of  up  to  0.80 
m/s  are  twice  as  strong  as  maximum  ebb  currents.  The  swash  platform 
channel  is  slightly  flood-dominant. 

Intertidal  sand  bodiv'^s  are  dominated  by  landward-oriented 
currents.  The  proximal  channel  margin  linear  bars  are  dominated  by 
flood-oriented  sandwaves  and  megaripples  associated  with  flood-tidal 
currents.  Distal  and  internal  channel  margin  linear  bars,  and  swash 
bars  are  dominated  by  plane  beds  and  landward-oriented  current 
lineations  associated  with  wave-generated  flood  currents.  The  distal 
channel  margin  linear  bars  also  have  ebb-oriented  megaripples 
associated  with  the  expansion  of  the  ebb  jet. 

4)  The  delta  is  composed  of  very  well  to  well-sorted  (0.210  -  0.500)  fine  to 
medium-grained  sand  (1.750  -  2.500).  Three  overall  grain  size  trends  of 
the  delta  are  present.  First,  tidal  channel  environments  tend  to  be  the 
coarsest-grained  followed  by  environments  with  both  wave  and  tidal 
components  (i.e.  proximal  channel  margin  linear  bar).  The  wave- 
dominated  environments  (i.e.  swash  bar,  distal  channel  margin  linear 
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bar)  are  the  finest-grained  environment.  Second,  a  fining  trend  in  grain 
size  occurs  from  the  inlet  throat  to  offshore  areas  seaward  of  the  terminal 
lobe.  Lastly,  the  updrift  portion  of  the  delta  is  composed  primarily  of  fine 
sand  (2.190)  while  the  downdrift  portion  of  the  delta  is  composed  of 
medium  sand  (1.840).  This  latter  grain  size  trend  may  be  explained  by 
the  Essex  River  Inlet  acting  as  a  coarse-grained  sediment  trap. 

5)  The  sedimentary  sequences  of  tide  versus  wave-dominated  settings  can 
be  differentiated.  Tide-dominated  settings  are  dominated  by  bidirectional 
trough  cross-bedding  with  some  planar  cross-bedding.  Wave-dominated 
settings  are  dominated  by  a)  homogeneous,  structureless  sand  sheets  and 
horizontal  to  low-angle  seaward-dipping  planar  cross  beds  and  b)  high- 
angle  planar  cross-beds  associated  with  slipface  migration. 

6)  The  stratigraphic  framework  of  the  Essex  River  ebb-tidal  delta  is  based 
upon  three  dominant  processes:  1)  main  ebb  channel  migration  and 
associated  cut  and  fill  accretionary  beds;  2)  abandoned  marginal  flood 
channel  accretion  and;  3)  swash  bar  migration.  Environments  can  be 
further  differentiated  by  smaller  scale  subsurface  sedimentary  structures 
which  are  formed  from  the  migration  of  surficial  bedforms.  An  overall 
ebb-tidal  delta  stratigraphic  sequence  divides  the  Essex  River  ebb-tidal 
delta  into  five  units.  Overlying  the  shoreface  deposits  in  ascending  order 
are  the  following  units:  1)  Basal  channel  lag;  2)  Main  ebb  channel;  3) 
Marginal  flood  channel;  4)  Channel  margin  linear  bar  with 
interfingering  spillover  lobe  and;  5)  Swash  bar.  A  fining-upward  trend 
occurs  throughout  the  sequence. 

The  stratigraphy  of  the  Essex  River  ebb-tidal  delta  can  be  divided 
further  into  three  stratigraphic  sequence  models  whose  characteristics 
are  a  result  of  different  sedimentary  processes  occurring  at  each  locality. 
The  updrift  ebb- tidal  delta  sequence  is  dominated  by  maiii  ebb  channel  cut 
and  fill  accretionary  beds.  Channel  margin  linear  bar  and  swash  bar 
deposits  overlie  this  unit.  The  downdrift  ebb-tidal  delta  sequence  is 
dominated  by  abandoned  marginal  flood  channel  and  swash  bar 


176 


migration  deposits.  Distally,  the  ebb-tidal  delta  is  dominated  by  an  active 
main  ebb  channel  and  overlying  main  ebb  channel  cut  and  fill 
accretionary  bed  unit.  The  sequence  is  capped  by  channel  margin  linear 
bar  and  swash  bar  deposits. 
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APPENDIX  A: 


BEACH  PROFILE  DATA 
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Profile  1 
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Profile  1 A 
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APPENDIX  B: 


GRAIN  SIZE  ANALYSIS  OF 


SEDIMENT  GRAB  SAMPLES  AND  CORES 


201 


Inclusive 

Inclusive 

Graphic 

Graphic 

Graphic 

Standard 

Graphic 

Standard 

Mean 

Deviation 

Mean 

Deviation 

Sample  No. 

(0) 

(0) 

Sample  No. 

(0) 

(0) 

1 

2.16 

0.28 

45 

2.08 

0.23 

2 

1.97 

0.38 

46 

2.21 

0.34 

3 

1.85 

0.44 

47 

2.07 

0.35 

4 

1.90 

0.39 

48 

2.39 

0.33 

5 

1.79 

0.35 

49 

2.05 

0.26 

6 

2.02 

0.29 

50 

1.96 

0.27 

7 

1.93 

0.25 

51 

2.05 

0.26 

8 

1.91 

0.40 

52 

2.00 

0.24 

9 

2.01 

0.23 

53 

2.08 

0.28 

10 

1.74 

0.37 

54 

2.09 

0.40 

1  1 

1.94 

0.21 

55 

2.09 

0.30 

12 

1.65 

0.37 

56 

2.30 

0.28 

13 

1.99 

0.40 

57 

2.25 

0.35 

14 

2.04 

0.35 

58 

2.25 

0.35 

15 

2.18 

0.29 

59 

2.31 

0.45 

16 

2.08 

0.36 

60 

2.49 

0.35 

17 

1.98 

0.35 

61 

2.43 

0.36 

18 

2.17 

0.26 

62 

2.38 

0.38 

19 

2.04 

0.33 

63 

2.05 

0.32 

20 

1.91 

0.41 

64 

2.69 

0.30 

21 

1.95 

0.27 

65 

2.32 

0.28 

22 

2.21 

0.35 

66 

1.87 

0.51 

23 

2.32 

0.36 

67 

2.24 

0.38 

24 

2.06 

0.22 

68 

2.35 

0.27 

25 

2.36 

0.24 

69 

2.02 

0.35 

26 

1.92 

0.34 

70 

1.97 

0.31 

27 

2.25 

0.34 

71 

2.23 

0.32 

28 

2.29 

0.27 

72 

2.32 

0.29 

29 

2.14 

0.31 

73 

2.28 

0.34 

30 

2.12 

0.29 

74 

2.34 

0.29 

31 

2.33 

0.31 

75 

2.35 

0.41 

32 

2.18 

0.26 

76 

2.21 

0.36 

33 

1.99 

0.29 

77 

2.17 

0.39 

34 

2.13 

0.27 

78 

2.18 

0.33 

35 

2.43 

0.47 

79 

2.46 

0.33 

36 

2.13 

0.28 

80 

2.49 

0.33 

37 

2.31 

0.33 

81 

2.44 

0.34 

38 

2.20 

0.38 

82 

2.47 

0.31 

39 

2.28 

0.31 

83 

2.41 

0.31 

40 

2.22 

0.33 

84 

2.38 

0.31 

41 

2.36 

0.34 

85 

2.41 

0.32 

42 

1.83 

0.27 

86 

2.47 

0.33 

43 

2.07 

0.25 

87 

2.29 

0.21 

44 

2.06 

0.31 

88 

2.20 

0.35 

2Q2 


Inclusive 

Inclusive 

Graphic 

Graphic 

Graphic 

Standard 

Graphic 

Standard 

Mran 

Deviation 

M^n 

Deviation 

Sample  No. 

(0) 

(0) 

Sample  No. 

(0) 

(0) 

89 

2.36 

0.36 

133 

1.87 

0.21 

90 

2.47 

0.32 

134 

2.01 

0.47 

91 

2.47 

0.33 

135 

1.98 

0.29 

92 

2.43 

0.33 

136 

2.05 

0.29 

93 

2.43 

0.37 

137 

2.10 

0.26 

94 

2.31 

0.41 

138 

2.54 

0.21 

95 

2.25 

0.37 

139 

2.68 

0.30 

96 

2.40 

0.32 

140 

2.94 

0.31 

97 

2.46 

0.32 

141 

2.85 

0.30 

98 

1.80 

0.25 

142 

2.97 

0.30 

99 

1.51 

0.67 

143 

1.88 

0.39 

100 

1.92 

0.43 

144 

1.72 

0.30 

101 

1.88 

0.31 

145 

2.00 

0.29 

102 

1.97 

0.26 

146 

1.66 

0.67 

103 

2.10 

0.33 

147 

2.12 

0.40 

104 

1.73 

0.35 

148 

2.16 

0.32 

105 

1.77 

0.55 

149 

2.14 

0.26 

106 

2.05 

0.53 

150 

2.28 

0.42 

107 

2.31 

0.45 

151 

2.87 

0.32 

108 

2.72 

0.37 

152 

2.89 

0.28 

109 

2.04 

0.25 

153 

2.94 

0.33 

110 

1.55 

0.65 

154 

2.94 

0.28 

111 

2.20 

0.40 

155 

2.02 

0.45 

112 

1.72 

0.31 

156 

2.04 

0.41 

113 

1.93 

0.35 

157 

1.75 

0.30 

114 

1.90 

0.25 

158 

1.98 

0.21 

115 

1.83 

0.28 

159 

1.95 

0.25 

116 

2.21 

0.34 

160 

1.91 

0.19 

117 

2.60 

0.47 

161 

2.04 

0.25 

119 

2.66 

0.31 

162 

2.08 

0.25 

119 

2.86 

0.34 

163 

1.88 

0.19 

120 

1.77 

0.48 

164 

2.03 

0.21 

121 

2.03 

0.30 

165 

1.90 

0.33 

122 

1.80 

0.40 

166 

1.54 

0.35 

123 

2.06 

0.38 

167 

1.89 

0.32 

124 

1.95 

0.25 

168 

2.05 

0.29 

125 

1.98 

0.30 

169 

2.22 

0.35 

126 

2.46 

0.12 

170 

2.40 

0.29 

127 

2.18 

0.46 

171 

2.40 

0.24 

128 

2.42 

0.49 

172 

2.04 

0.26 

129 

2.81 

0.32 

173 

1.35 

0.61 

130 

2.75 

0.36 

174 

1.70 

0.29 

131 

2.82 

0.31 

175 

1.61 

0.44 

132 

1.54 

0.30 

176 

1.87 

0,40 
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Graphic 

Inclusive 

Graphic 

Standard 

Mean 

Deviation 

Sample  No. 

(0) 

(0) 

177 

1.90 

0.33 

178 

1.98 

0.32 

179 

2.28 

0.28 

180 

1.78 

0.45 

181 

2.05 

0.24 

182 

1.68 

0.50 

183 

1.70 

0.33 

184 

1.91 

0.25 

185 

1.93 

0.29 

186 

1.63 

0.32 

187 

1.74 

0.37 

188 

1.71 

0.39 

180 

2.03 

0.55 

190 

1.66 

0.29 

191 

1.96 

0.24 

192 

2.34 

0.37 

193 

2.62 

0.36 

194 

2.89 

0.27 

195 

2.32 

0.24 

196 

2.40 

0.28 

197 

2.37 

0.29 

198 

2.42 

0.28 

199 

2.40 

0.29 

200 

2.02 

0.25 

201 

2.02 

0.25 

202 

2.04 

0.27 

203 

2.04 

0.27 

204 

2.00 

0.24 

205 

2.00 

0.20 

206 

1.95 

0.35 

207 

1.76 

0.24 

208 

1.68 

0.39 

209 

1.80 

0.31 

210 

1.99 

0.24 

21 1 

2.38 

0.24 
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Sample  No. 

Depth  (m) 

Graphic 

Mmo 

(0) 

inclusive 

Graphic 

Standard 

Deviation 

(0) 

Core  1  S-1 

0.00 

2.28 

0.26 

S-2 

2.00 

2.26 

0.31 

S-3 

2.10 

2.05 

0.38 

S-4 

3.40 

2.18 

0.29 

Core  2  S-1 

0.00 

2.29 

0.28 

S-2 

1.15 

2.56 

0.41 

S-3 

1.50 

2.27 

0.37 

S-4 

2.15 

2.05 

0.48 

Core  3  S-1 

0.00 

2.00 

0.25 

S-2 

1.60 

1.93 

0.38 

S.3 

2.10 

1.96 

0.33 

S-4 

2.85 

1.68 

0.48 

Core  4  S-1 

0.00 

2.20 

0.28 

S-2 

1.70 

2.06 

0.33 

S-3 

1.86 

1.85 

0.46 

S-4 

2.15 

2.98 

0.59 

Core  5  S-1 

3.20 

2.13 

0.34 

Core  6  S-1 

0.00 

2.29 

0.28 

S-2 

1.10 

2.13 

0.29 

S-3 

1.62 

1.76 

0.28 

S-4 

2.16 

2.43 

0.20 

Core  7  S-1 

0.00 

2.16 

0.34 

S-2 

0.50 

2.17 

0.26 

S-3 

1.20 

2.92 

0.34 

S-4 

1.50 

1.93 

0.38 

S-5 

2.06 

2.92 

0.34 

Core  8  S-1 

0.35 

2.19 

0.32 

S-2 

1.00 

1.56 

0.25 

S-3 

1.20 

1.89 

0.43 

S-4 

2.10 

1.63 

0.71 

S-5 

2.48 

1.89 

0.43 

Core  9  S-1 

0.10 

1.68 

0.31 

S-2 

0.80 

1.88 

0.38 

S-3 

1.15 

1.81 

0.34 

S-4 

1.48 

1.80 

0.40 

S-5 

1.55 

1.81 

0.34 

Core  10  S-1 

0.00 

1.92 

0.21 

S-2 

1.39 

1.78 

0.31 

S-3 

1.62 

1.58 

0.55 

S-4 

1.96 

2.44 

0.34 

Core  11  S-1 

0.00 

2.05 

0.24 

S-2 

1.45 

2.05 

0.25 

S-3 

1.82 

1.23 

0.82 

S-4 

2.00 

2.05 

0.25 
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Sample  No. 

Depth  (m) 

Graphic 

Mran 

(0) 

Inclusive 

Graphic 

Standard 

Deviation 

(0) 

Core  11  S-5 

2.50 

2.15 

0.33 

S-6 

2.98 

1.38 

0.90 

Core  12  S>1 

0.00 

2.00 

0.21 

S-2 

0.95 

1.97 

0.19 

S-3 

1.24 

1.34 

0.66 

S-4 

1.75 

2.14 

0.35 

Core  13  S>1 

0.00 

2.03 

0.24 

S-2 

1.00 

1.86 

0.22 

S-3 

1.30 

1.98 

0.36 

S-4 

1.90 

1.95 

0.35 

S-5 

2.30 

1.98 

0.53 

Core  14  S-1 

0.00 

1.92 

0.26 

S-2 

1.00 

1.69 

0.63 

S-3 

1.15 

2.28 

0.44 

S-4 

2.70 

1.65 

0.69 

S-5 

2.83 

1.57 

0.61 

S-6 

2.92 

2.38 

0.42 

S-7 

3.65 

2.23 

0.41 

Core  15  S-1 

0.00 

1.96 

0.29 

S-2 

0.83 

1.73 

0.39 

S-3 

1.13 

2.43 

0.29 

S-4 

2.25 

2.06 

0.81 

S-5 

2.80 

3.00 

0.21 

S-6 

2.86 

- 

- 

Core  16  S-1 

0.00 

2.09 

0.22 

S-2 

1.52 

- 

- 

Core  17  S-1 

0.15 

2.09 

0.22 

S-2 

1.25 

1.02 

0.57 

S-3 

2.20 

2.11 

0.35 

Core  18  S-1 

0.00 

1.80 

0.31 

S-2 

1.22 

2.11 

0.24 

S-3 

1.44 

1.08 

0.55 

S-4 

1.54 

2.06 

0.26 

Core  19  S-1 

0.00 

1.94 

0.23 

S-2 

1.50 

1.82 

0.34 

S-3 

2.80 

1.82 

0.50 

S-4 

3.00 

2.91 

0.24 

Core  20  S-1 

0.00 

3.10 

0.30 

S-2 

1.50 

2.16 

0.26 

S-3 

2.20 

1.37 

0.57 

S-4 

2.66 

1.70 

0.48 

Core  21  S-1 

0.00 

1.92 

0.29 

S-2 

0.98 

1.97 

0.42 

S-3 

1.50 

2.25 

0.27 

S-4 

1.96 

2.08 

0.31 

Remarks 


CARBON 

CARBON 
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Sample  No. 

Depth  (m) 

Graphic 

Mean 

(0) 

Inclusive 

Graphic 

Standard 

Deviation 

(0) 

Remarks 

Core  22  S-1 

0.00 

2.00 

0.29 

S-2 

0.57 

- 

• 

WOOD  MATTER 

S-3 

1.50 

2.15 

0.41 

S-4 

1.82 

1.75 

0.14 

Core  23  S-1 

0.00 

2.03 

0.50 

S-2 

0.65 

1.85 

0.39 

S-3 

1.00 

2.02 

0.46 

Core  24  S-1 

0.00 

2.91 

0.30 

S-2 

1.50 

2.36 

0.32 

S-3 

2.12 

1.56 

0.87 

Core  25  S-1 

0.20 

2.43 

0.28 

S-2 

1.50 

2.15 

0.24 

S-3 

2.06 

1.85 

0.31 

S-4 

2.30 

- 

- 

CARBON 

S-5 

2.44 

2.25 

0.31 

Core  26  S-1 

0.00 

2.03 

0.26 

S-2 

1.60 

2.12 

0.26 

S-3 

1.75 

2.38 

0.42 

207 


APPENDIX  C: 
CORE  DESCRIPTIONS 
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EGEND  OF  CORE  DESCRIPTIONS 

FINE  SAND  (201030) 

MEDIUM  SAND  (10  to  20) 

COARSE  AND  VERY  COARSE  SAND  (-10  to  10) 

FINE  TO  MEDIUM  PEBBLE  (-40  to  -10) 

HORIZONTAL  CROSS  STRATIFICATION 

LOW  ANGLE  CROSS  STRATIFICATION 

HIGH  ANGLE  CROSS  STRATIFICATION 

LOW  ANGLE  BIDIRECTIONAL  CROSS  STRATIFICATION 

ORGANIC  MATTER 

SHELL  (COMPLETE) 

SHELL  (FRAGMENT) 
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QQStl 


Q  Proximal  updrift  channel  margin  linear  bar 


DESCRIPTION 

Gray  fine  sand  with  intermittant  organte  matter  (wood 
fragments) 


•laminae  of  black  fine  sand  with  organic  matter 
(wood  fragments) 

-black  fine  sand  wKh  abundant  organic  matter 
(wood  fragments) 


-shell  fragment 

-black  fine  sand  with  organic  matter  (wood  fragments) 


-greenish-brown  organic  matter  (wood  fragments) 
Dark  gray  medium  sand 

Gray  fine  to  medium  sand  wKh  horizontal  pla-'.ar  bedding 
Gray  fine  sand 

-black  fine  sand  with  organic  matter  (wood  fragments) 


•organic  matter  (wood  fragments) 


Gravel 
Coarse  Sand 
Medium  Sand 
Fine  Sand 


50  cm. 


linear  bar 


Light  gray  fine  sand 


Gray  fine  sand  with  high  angle  trough  cross-bedding  underlain 
by  horizontal  planar  bedding 


Fining  upward  sequence  of  fine  to  medium  sand  with 
horizontal  planar  bedding  to  low  angle  planar  cross-bedding 


Dark  gray  medium  sand  with  alternating  beds  of  horizontal 
planar  bedding  to  low  angle  cross-bedding 


Gravel 
Coarse  Sand 
Medium  Sand 
Fine  Sand 


50  cm. 
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CORE  3 

ENVIRONMENT:  Updrift  Swash  bar 


!■  v>:sv< 

>''',s^U''j'.>:,<"i.',->;' 

l-Nv  s'J  •  ..  -V'sssv 
V;,>:>  .‘  ,s<vx/-V^> 
'i  ■•'V'  ‘i^*; 

»;•  V*'  *»‘.^  "•■«  •  •  "A" 

"'VX' v'. 

j-i 


DESCRIPTION 
Light  gray  fine  to  medium  sand 


onshore 


-horizontal  planar  bedding  of  dark  gray  fine  sand 

Fining  upward  sequence  of  fine  to  medium  sand 

with  iow  angle  planar  cross-bedding 

Dark  gray  fine  sand  with  high  angle  planar  cross-bedding 

Dark  gray  fine  sand  with  horizontal  planar  bedding 

Gray  medium  sand  with  low  angle  bidirectional  planar  cross¬ 
bedding 


Gray  medium  sand  with  low  angle  planar  cross-bedding 


Gravel 
Coarse  Sand 
Medium  Sand 
Fine  Sand 


50  cm. 
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QOmA 


I  swash  bar 


I2£S£EUEIIQN 
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CQBE5 

ENVIRONMENT:  Updrift  channel  tnargin  linear  bar 

DESCRIPTION 


11^ 


Gray  fina  sand  with  occasional  horizontal  planar  laminae  and 
bedding 


Dark  gray  fine  to  medium  sand  with  horizontal  planar  bedding 


■low  angle  planar  bidirectional  cross-bedding 


Gravel 
Coarse  ?«ind 
Medium  Sand 
FirwSarKj 


50  cm 
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CORE  7 

ENVIRONMENT:  Updrift  marginal  flood  channel 


DESCRIPTION 


Dark  gray  fine  sand 


Light  gray  medium  sand  and  organic  matter  (wood  fragments) 
Gray  medium  sand  with  interbedded  units  of  fine  sand 


Gray  fine  sand  with  low  angle  bidirectional  cross-bedding 
with  dominant  flood  oriented  component 


•shell 


Gray  fine  sand 
-sheU  matter 


onshore  — > 


Gravel 
Coarse  Sand 
Medium  Sand 
Fine  Sand 


60  cm 
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■C&.RE9 

ENVIRONMENT:  Updrift  marginal  flood  channel 


DESCRIPTION 
Light  gray  fine  sand 

L^ht  gray  fine  sand  with  occasional  organic  matter  (wood 
fragments) 


Fining  upward  sequence  of  fine  to  medium  sand  with 
occasional  fine  pebble  and  organic  matter  (wood  fragments) 


Fining  upward  sequence  of  fine  to  medium-coarse  sand  with 
bidirectional  low  angle  cross-bedding  with  dominant  onshore 
component 


Fining  upward  sequence  of  fine  to  medium  sand 
with  bidirpriional  cross-bedding 

Light  gray  medium  sand  with  horizontal  planar  bedding 
Light  gray  medium  sand  with  occastonal  shell  matter  and 
fins  pebble  wKh  high  angle  planar  cross-bedding 


•layer  of  coarse  sand 


Dark  gray  medium  sand  with  organic  matter  (wood  fragments) 

L-  Gravel 
' —  Coarse  Sand 
- Medium  Sand 

RneSand  I  50  cm. 
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GQBE9, 

ENVIRONMENT:  Downdrift  swash  bar  adjacent  to  swash  platform  channel 


DESCRIPTION 
Dark  gray  medium  sand 


Dark  gray  medium  to  coarse  sand 

Gray  fine  sand  with  iow  angie  trough  cross-bedding 

Gray  fine  sand  with  iow  angie  pianar  cross-bedding 

Light  gray  fine  sand  with  high  angie  trough  cross-bedding 
Gray  fine  sand  with  sheii  matter  with  iow  angie  planar  cross¬ 
bedding 

Light  gray  medium  sand 


I  ^  Gravel 

Coarse  Sand 
— ■  Medium  Sand 
- RneSand 


50  cm. 


CORE  10 

ENVIRONMENT:  Downdrift  swash  bar 


DESCRIPTION 


Gray  fine  to  medium  sand 


-shell  matter 

Light  gray  sand  with  hu.’izontal  planar  and  low  angle 
planar  cross-bedding 


Dark  gray  fine  to  medium  sand  with  occasional  layer  of 
medium  to  coarse  sand 


Gray  fine  sand  and  occasional  coarse  sand  layer  with 
horizontal  planar  bedding 


Gravel 
Coarse  Sand 
Medium  Sand 
Fine  Sand 


50  cm. 


219 


CORE  11 


Q  Downdrift  channel  margin  linear  bar  near  main  ebb  channel 


Gray  fine  sand 


Dark  gray  fine  to  medium  sand  with  low  angle  trough  cross¬ 
bedding 


Light  gray  medium  to  coarse  sand  with  occasional  fine  pebble 
Fining  upward  sequence  of  fine  to  medium  sand  with 
occasional  coarse  sand  layer  and  fine  pebble  with  low  angle 
bidirectional  trc  .igh  cross-bedding 
Gray  fine  to  medium  sand  with  high  angle  bidirectional 
trough  cross-bedding 

Light  gray  medium  to  coarse  sand  with  horizontal  planar 
bedding 

Light  gray  fine  sand  with  alternating  units  of  horizontal,  low 
angle,  and  high  angle  planar  bidirectional  cross-bedding, 
becoming  more  ebb-oriented  at  depth 
•layers  of  coarse  sand 
-layer  of  micaceous  matter 

Light  gri^  medium  to  coarse  sand  with  frequent  shell  matter 
and  occasional  fine  pebble  clast 


j  ^  Gravel 

Coarse  Sand 

- Medium  Sand 

- Fine  Sand 


50  cm. 
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CORE  12 

ENVIRONMENT:  Downdrift  channel  margin  linear  bar  near  main  ebb  channei 


DESCRIPTION 

Light  gray  medium  sand 


Dark  gray  medium  sand  with  high  angle  planar  cross-bedding 

Fining  upward  sequence  of  medium  to  coarse  sand  with 
occasional  fine  pebble  with  bidirectional  trough  cross-bedding 
Light  gray  medium  sand  with  high  angle  trough  cross-bedding 

Gray  fine  sand  with  low  angle  trough  cross-bedding 


Gray  fine  sand  with  low  angle  bidirectional  trough  cross¬ 
bedding 


Gravel 
Coarse  Sand 
Medium  Sand 
Rne  Sand 


50  cm. 
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.CQR&13 

ENVIRONMENT:  Downdrift  swash  bar 


DESCRIPTION 


Gray  fine  to  medium  sand 


•occasional  vary  fine  pebble 


Gray  fine  to  medium  sand  with  horizontal  planar  bedding 


-shell  fragments 
•fine  pebble  clast 

Gray  medium  sand  with  horizontal  planar  and  low  angle  planar 
cross-bedding 


Gravel 
Coarse  Sand 
Medium  Sand 
Fine  Sand 


50  cm. 
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Downdrift  marginal  flood  channel 


Gray  madium  sand 


-coarse  sand  clasts 

•Gray  medium  sand  with  high  angle  planar  cross-bedding 

Gray  fine  sand 

-fine  pebble  clasts 

Light  gray  fine  to  medium  sand  with  low  angle  planar  cross- 
bedding 


Light  gray  fine  sand  with  low  angle  bidirectional 
cross  startification 


— -organic  matter 

Fining  upward  sequence  of  fine  to  coarse  sand 
with  low  angle  cross-bedding 


— layer  of  coarse  pebbles 
Gray  fine  sand  with  abundant  horizontal  to  low  angle 
cross-bedding 


’  onshore 


li^ 


Gravel 
Coarse  Sand 
Medium  Sand 
Fine  Sand 


50  cm. 
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;  Downdrift  sv  ash  platform  channel 


Gray  madium  sand 


*.V<.SSN  Jvss*  S  .  Jsv 


'  Gray  fine  to  medium  sand  with  ocsasionai  coarse  sand 
and  fine  pebble  clast  with  shell  matter 
‘  Gray  fine  sand  with  horizontal  planar  cross-bedding 

Gray  fine  sand  with  bidirectional  trough  cross-bedding 

with  some  shell  fragments 

Gray  fine  sand  with  high  angle  planar  cross-bedding 

Gray  fine  sand  with  horizontal  planar  bedding 

Light  gray  fine  to  medium  sand  with  high  angle  cross-bedding 
'Light  gray  fine  sand 


Light  gray  fine  to  medium  sand  with  low  angle  cross-bedding 
with  shell  matter  and  occasional  fine  pebble 


Gray  fine  sand  with  horizontal  planar  bedding  and  low  angle 
planar  and  trough  cross-bedding  with  organic  and  micaceous 
matter  and  occasional  coarse  sand  layer 


■  onshore 


[1^ 


Gravel 
Coarse  Sand 
Medium  Sand 
Fine  Sand 


50  cm. 
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CORE  16 

ENVIRONMENT:  Downdrift  channel  margin  linear  bar  near  main  ebb  channel 

DESCRIPTION 


tight  gray  to  dark  gray  fine  to  medium  sand 


-high  angle  planar  cross-bedding 

-high  angle  planar  cross-bedding 
Light  gray  fine  sand  with  high  to  low  angle  planar  cross¬ 
bedding 


Horizontal  planar  bedding  of  micaceous  and  organic  matter 

and  occasional  coarse  sand  clast 

Gray  medium  sand  with  occasional  shell  matter 


Gravel 
Coarse  Sand 
Medium  Sand 
Rne  Sand 


50  cm. 
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CORE  17 

ENVIRONMENT:  Swash  bar  on  distal  end  of  downdrift  channel  margin  linear  bar 


DESCBIETIQN 

Gray  fine  to  medium  sand 


-shell  matter 

Gray  fine  to  medium  sand  with  low  angle  planar  cross¬ 
bedding  and  occasional  shell  matter 
Gray  fine  to  medium  sand  with  high  angle  planar  to  trough 
cross-bedding 

Light  gray  medium  to  coarse  sand  with  high  angle 
planar  cross-bedding 

Gray  fine  sand  with  low  angle  planar  cross-bedding 
Gray  fine  sand 
-sheH  matter 


^  Gravel 
Coarse  Sand 
Medium  Sand 
Fme  Sand 


50  cm. 
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CORE  18 

ENVIRONMENT:  Downdrift  swash  bar 


DESCRIPTION 


Gray  medium  sand 


Gray  medium  to  coarse  sand  with  low  angle  planar  cross¬ 
bedding  with  occasional  fine  pebble  clast  and 
shall  matter 

ark  gray  fine  sand  with  low  angle  planar  cross-bedding 
Fining  uf^ard  sequence  of  fine  to  coarse 
sand  with  low  angle  bidirectional  trough  cross-bedding 

Light  gray  fine  to  medium  sand 


^  Gravel 
Coarse  Sand 
Medium  Sand 
Fine  Sand 


50  cm. 
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CORE  19 


:  swash  bar 


Light  gray  medium  sand 


Dark  gray  medium  sand  with  iow  angle  planar  cross¬ 
bedding 


Fining  upward  sequence  of  light  gray  fine  to  medium-coarse 

sand  with  bidirectional  cross-bedding  with  dominant  onshore 

component  overlain  by  horizontal  planar  bedding 

Fining  upward  sequence  of  gray  fine  sand  to  medium-coarse 

sand  with  horizontal  planar  bedding 

Gray  fine  sand  with  horizontal  planar  bedding 

Gray  fine  sand  with  low  angle  bidirectional  planar  cross¬ 
bedding 


onshore 


Gravel 
Coarse  Sand 
Medium  Sand 
Fine  Sand 


50  cm. 
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■C.QRE2Q 

ENVIRONMENT:  Swash  bar  in  distal  end  of  updrift  channel  margin  linear  bar 


DESCRlEIlQtl 

Gray  very  fine  sand 


^a»Gfav  medium  sand 
Gray  fine  sand 
-shell  fragment 


Fining  upward  sequence  of  fine-medium  to  coarse  sand  with 
occasional  fine  pebble,  shell  matter  and  layer  of  coarse 
sand  with  high  angle  trough  cross-bedding  overlain  by 
low  angle  planar  cross-bedding 


Gray  medium  sand  with  frequent  shell  matter  and  fine  pebble 


Gravel 
Coarse  Sand 
Medium  Sand 
Fine  Sand 


50  cm. 
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oom  21. 

ENVIRONMENT:  Swash  bar  on  distal  end  of  updrift  channel  margin  linear  bar 


DESCRIPTION 


Gray  medium  sand 


-coarse  sand  clast 


Gray  medium  sand  wKh  inteibedded  layers  of  fine  sand 
with  low  angle  planar  cross-bedding 


—  -fine  gravel  clast 
Gray  fine  sand 


Gravel 
Coarse  Sand 
Medium  Sand 
Fine  Sand 


50  cm, 
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Qomzz 

ENVIRONMENT:  Swash  bar  on  distal  end  of  updrift  channel  margin  linear  bar 


DESCRIPTION 

Gray  fine  to  medium  sand 


n'sj* 


A 

A  A 


Dark  gray  fine  sand  with  intermittant  organic  matter 
(wood  fragment) 


Gray  fine  sand  with  low  angle  planar  cross-bedding 


Ligi'it  gray  medium  sand  with  occasional  shell  fragment  with 
higi)  angle  planar  cross-bedding 


onshore  ^ 


I  *-  Gravel 
Coarse  Sand 
— —  Medium  Sand 
——  Fine  Sand 


50  cm. 


231 


CQ.BE.23. 


Dark  gray  fine  to  medium  sand 


Light  gray  medium  sand  with  horizontai  planar  and  low  angle 
cross-biding  with  occasional  shell  matter 
Gray  fine  to  medium  sand  with  low  angle  planar  cross 
bedding 


Light  gray  fine  to  medium  sand  with  low  angle  cross 
biding 

-coarse  sand  clast 


Gravel 
Coarse  Sand 
Medium  Sand 
Fine  Sand 


50  cm. 
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Ipdiift  channel  margin  linear  bar 

DESCRIPTION 

Gray  fine  sand 


Light  gray  fine  sand  with  horizontal  planar  bedding 


Gray  fine  sand  with  low  angle  bidirectional 
trough  cross-bedding 

Gray  medium  sand  with  horizontal  planar  bedding 


Gravel 
Coarse  Sand 
Medium  Sand 
Fine  Sand 


50  cm. 
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gQBE.25 

ENVIRONMENT:  Updrift  channel  margin  linear  bar  near  main  ebb  channel 


DESCRIPTION 
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CORE  26 

ENVIRONMENT:  Downdrift  channel  margin  linear  bar  near  main  ebb  channei 


DESCBlEliQN 


Gray  fine  to  medium  sand 


•shell  matter 


Dark  gray  fine  sand  with  shell  matter  and  horizontal  planar 
bedding 


Fining  upward  sequence  of  fine  to  medium  sand  with  high  angle 
trough  cross-bedding 


Gray  fine  sand  with  !ow  angle  cross-bedding 


Gravel 
Coarse  Sand 
Medium  Sand 
Fine  Sand 


50  cm. 


